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PREFACE TO SIXTH EDITION 


The arrangement generally and the content of this edition are substantially the 
same as in previous editions in so far that the descriptive text is in Part I and 
the tables, with examples applying to the tables, are given in Part II* # Notes 
relating to the tables are now given mainly on the pages facing the tables. Some 
examples involving the use of several tables and typical details of some common 
structural parts are given in an Appendix, as are also notes on the effect of various 
materials on concrete. Specifications and quantities are now included in Part I. 

Advantage has been taken of the necessity to reprint the entire book to 
re-cast and re-number the tables and to re-write and reset the descriptive text in 
a more convenient form. The result is that without increasing the bulk of the 
book, the amount of data and the number of tables have been increased. Most 
of the formulae appearing in Part I of previous editions are now given in the tables. 
Additional data in the tables include moment-distribution applied to continuous 
beams and beams with splays, bending-moment diagrams, non-rectangular panels 
of slabs, portal frames, metric properties of reinforcement bars, load-factor method 
applied to beams and slabs and to columns subjected to bending, bending in two 
planes, types of bridges, and formulae abstracted from the original Part I. 

The notation throughout has been brought into line with the British Standard 
Codes where applicable, and effect is given to the recommendations given in 
B.S. Codes Nos. 114 (buildings) and 2007 (liquid-containers), and other codes and 
regulations where appropriate. 

London, 1961 C. E. R. 
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INTRODUCTORY NOTE 


A structure is an assembly of members each of which is subjected to bending or to 
direct force (either tensile or compressive) or to a combination of bending and direct 
force. These primary influences may be accompanied by shearing forces and some- 
times by torsion. Secondary effects due to changes in temperature, to shrinking and 
creep of the concrete, and the possibility of damage resulting from abrasion, vibration, 
frost, chemical attack, and similar causes may also have to be considered.. Design 
includes the calculation of, or other means of assessing and providing resistance* 
against, the moments, forces, and other effects on the members. An efficiently 
designed structure is one in which the members are arranged in such a way that the 
weight, loads and forces are transmitted to the foundations by the cheapest means 
consistent with the intended use of the structure and the nature of the site. Efficient 
design means more than providing suitable sizes for the concrete members and the 
provision of the calculated amount of reinforcement in an economical manner. It 
implies that the bars can be easily placed, that reinforcement is provided to resist the 
secondary forces inherent in monolithic construction, and that resistance is provided 
against all likely causes of damage to the structure. Experience and good judgment 
may do as much towards the production of safe and economical structures as calcula- 
tion. Complex mathematics should not be allowed to confuse the sense of good 
engineering. Where possible, the same degree of accuracy should be maintained 
throughout the calculations; it is illogical to consider, say, the effective depth of 
a member to two decimal places if the load is over-estimated by 25 per cent. On the 
other hand, in estimating Joads, costs, and other numerical quantities, the more items 
that are included at their exact value the smaller is the overall percentage of error due 
to the inclusion of some items the exact magnitude of which is unknown. 

Where the assumed load is not likely to be exceeded and the specified quality of 
concrete is fairly certain to be obtained, high working stresses can be employed. The 
more factors allowed for in the calculations the higher may be the working stresses, 
and vice versa (see pages 57 and 59). If the magnitude of a load, or other factor, 
is not known precisely it is advisable to study the effects of the probable largest and 
smallest values of the factor and provide resistance for the most adverse case. It is 
not always the largest load that produces the greatest stresses in all parts of a structure. 

Much design is to-day controlled by regulations or codes, but even within such 
bounds the designer must exercise judgment in his interpretation of the requirements, 
endeavouring to grasp the spirit of the requirements rather than to design to the 
minimum allowed by the letter of a clause. In Great Britain the detail design of 
reinforced concrete is based largely on the British Standard codes relating to buildings, 
principally those for “ Loading ” (Code No. 3, Chapter V), the “ Structural Use of 
Normal Reinforced Concrete in Buildings ” (Code No. 114), and " Design and Construc- 
tion of Reinforced and Prestressed Concrete Structures for the Storage of Water 
and other Aqueous Liquids n (Code No. 2007). In addition there are such documents 
as the Memorandum on the design of bridges issued by the Ministry of Transport, 
and the by-laws of local authorities, such as the London Building By-laws (1952). 

The tables given in Part II enable the designer to reduce the amount of arith- 
metical work. The use of such tables not only makes for speed but also eliminates 
inaccuracies if the tables are thoroughly understood and their bases and limitations 
realised. In the succeeding sections of Part I and in the supplementary information 
given on the pages facing the tables, the basis of the tabulated material is described 
Some general information is also tabulated; for example, Table 108 gives fractions 
of an inch expressed in decimals of a foot ; Table 109 is a conversion table for the 
metric system. Table no gives trigonometrical functions of angles to a degree of 
accuracy sufficient for design purposes; in conjunction with this table, fundamental 
trigonometrical formulae and other mathematical formulae and useful data are given. 
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Economical Structures. 

The cost of a reinforced concrete structure is obviously affected by the prices of 
concrete, steel, shuttering, and labour. Upon the relation between these prices 
depend the economical proportions of the quantities of concrete, reinforcement, and 
shuttering. There are possibly other factors to be taken into account in any particular 
case, such as the use of available steel shuttering of standard sizes. In Great Britain, 
economy generally results from the use of simple shuttering even if this requires 
more concrete compared with a design requiring more complex and more expensive 
shuttering. 

SoAie of the factors which may have to be considered are whether te as concrete 
of a rich mixture is cheap er than a greater v olume a La, Wn^ r r.nnr.rpte ; whether the 
cost of higher-priced bars of long lengths will offset the cost of the extra weight used 
in lapping shorter and cheaper bars ; whether, consistent with efficient detaili ng, a few 
bars of large diameter can replace a larger number of bars of smaller diameter; whether 
the extra cost of rapidTiardening cement justmes the saving made by using the 
shuttering a greater number of times ; or whether uniformity in the sizes of members 
saves in shuttering what it may cost in extra concrete. 

There is also the wider aspect of economy, such as whether the anticipated life 
and use of a proposed structure warrant the use of a higher or lower factor of safety 
than is usual; whether the extra cost of an expensive type of construction is warranted 
by the improvement in facilities ; or whether the initial cost of a construction of high 
quality with little or no maintenance cost is more economical than less costly con- 
struction combined with the expense of maintenance. 

The wording of a contract and the experience of the contractor, the position of 
the site and the nature of the available materials, and even the method of measuring 
the quantities, together with numerous other points, all have their effect, consciously 
or not, on the designer’s attitude towards a contract. So many and varied are the factors 
to be considered that only experience and the study of the trend of design can give 
any reliable guidance. Attempts to determine the most economical proportions for 
a given member, based only on inclusive prices of concrete, steel, and shuttering, are 
often misleading. It is nevertheless possible to lay down certain principles. 

For equal weights, combined material and labour costs for reinforcement bars 
of small diameter are greater than those for large bars, and within wide limits long 
bars are cheaper than short bars if there is sufficient weight to justify special transport 
charges and handling facilities. 

The lower the cement content the cheaper the concrete but, other factors being 
equal, the lower is the strength and durability of the concrete. Taking compressive 
strength and cost into account a concrete rich in cement is more economical than 
a leaner concrete. In beams and slabs, however, where much of the concrete is in 
tension and therefore neglected in the calculations, it is less costly to use a lean concrete 
than a rich one. In columns, where the concrete is in compression, the use of a rich 
concrete is more economical, since besides the concrete being more efficient, there is 
i saving in shuttering consequent upon the reduction in size of the column. 

The use of steel in compression is always uneconomical when the cost of a single 
member is being considered, but advantages resulting from decreasing the depth of 
beams and by reducing the size of columns may offset the extra cost of the individual 
member. A doubly-reinforced beam that contains the smallest amount of reinforce- 
ment is less costly than a beam of the same size containing a greater amount of steel, 
even although in the latter case the tensile steel is stressed to the maximum permissible 
value. The most economical doubly-reinforced beam is that in which the compressive 
stress in the concrete is the maximum permissible stress and the tensile stress in the 
steel is that which gives the minimum combined weight of tensile and compressive 
reinforcement. Tee-beams and slabs with compression reinforcement are seldom 
economical. When the cost of mild steel is high in relation to that of concrete, the 
most economical slab is that in which the proportion of tensile reinforcement is well 
below the so-called “ economic ” proportion. (The “ economic ” proportion is that 
at which the maximum permissible stresses in the steel and concrete are simultaneously 
attained.) Tee-beams are cheaper if the rib is made as deep as practicable; here again 
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the increase in headroom consequent on reducing the depth may offset the small 
extra cost of a shallower beam. It is rarely economical to design a tee-beam fo t the 
maximum permissible stress in the concrete. 

Bent-up bars are more economical than binders for resisting shearing force, and 
this may be true even if bars have to be inserted specially for this purpose. 

Shuttering is obviously cheaper if angles are right-angles, if surfaces are plane, 
and if there is some repetition of use. Therefore splays and chamfers are omitted 
unless structurally necessary or essential to durability. Wherever possible archi- 
tectural features in cast-insitu work should be formed in straight lines. When the 
cost of shuttering is considered in conjunction with the cost of concrete atyi steel, 
the introduction of complications in the shuttering may sometimes lead to more 
economical construction ; for example, large continuous beams may be more economical 
if they are haunched at the supports. Cylindrical tanks are cheaper than rectangular 
tanks of the same capacity if many uses are obtained fro m one set of shutt ering. In 
some cases domed roofs and tank bottoms are more ecorfSmical than flat beam-and- 
slab construction, although the unit cost of the shuttering may be doubled for curved 
work. When shuttering can be used several times without alteration, the employ- 
ment of steel shuttering should be considered and, because steel is less adaptable 
than wood, the shape and dimensions of the work may have to be determined to suit. 
Generally steel shuttering for beam-and-slab or column construction is cheaper than 
timber shuttering if twenty or more uses can be assured, but for circular work half 
this number of uses may warrant the use of steel. Timber shuttering for slabs, walls, 
beams, column sides, etc., can generally be used four times before repair, and six to 
eight times before the cost of repair equals the cost of new shuttering. Beam-bottom 
boards can be used at least twice as often. 

The use of precast construction usually reduces considerably the amount of shut- 
tering and temporary supports required, and the moulds may be used a greater number 
of times. Except in some obvious cases, the loss of structural rigidity due to the 
absence of monolithic construction may offset the economy otherwise leSlilling from 
precast construction. To obtain the economical advantage of precasting and the 
structural advantage of cast-insitu construction, it is convenient to combine both 
types of construction in some structures. 

In many cases the most economical design can be determined only by comparing 
the approximate costs of different designs. This is particularly true in border-line 
cases and is practically the only way of determining, say, when a simple cantilevered 
retaining wall ceases to be more economical than one with counterforts ; when a solid- 
slab bridge is more economical than a slab-and-girder bridge; or when a cylindrical 
container is cheaper than a rectangular container. Although it is usually more 
economical in floor construction for the main beams to be of shorter span than the 
secondary beams, it is sometimes worth while investigating different spacings of the 
secondary beams, to determine whether a thin slab with more beams is cheaper or not 
than a thicker slab with fewer beams. 

An essential aspect of economical design is an appreciation of the possibilities of 
materials other than concrete. The judicious incorporation of such materials may 
lead to substantial economies. Just as there is no structural reason for facing a 
reinforced concrete bridge with stone, so there is no economic gain in constructing 
a 4-in. cast-insitu reinforced concrete wall panel if a 4j-in. or 9-in. brick wall is cheaper 
and will serve the same purpose. Other common cases of the consideration of different 
materials are the installation of timber or steel bunkers when only a short life is 
required, the erection of light steel framing for the superstructures of industrial 
buildings, and the provision of pitched steel roof trusses. Included in such economic 
comparisons should be such factors as fire-resistance, deterioration, depreciation, 
insurance, appearance, speed of construction, and structural considerations such as 
the weight on the foundations, convenience of construction, and scarcityNor otherwise 
of materials. J 

Drawings. 

The methods of preparing drawings vary considerably, and in most drawing 
offices a special practice has been developed to suit the particular class of work done. 
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The following observations can be taken as a guide when no precedent exists. One 
of the principal factors is to ensure that on all drawings for any one contract the same 
conventions are adopted and uniformity of appearance and size should be aimed at, 
thereby making the drawings easier to read. 

In the preliminary stages a general drawing of the whole structure is generally 
prepared to show the principal arrangement and sizes of beams, columns, slabs, walls, 
foundations, and other members. Later this, or a similar drawing, is utilised as a key 
to the working drawings, and should show precisely such particulars as the setting-out 
of the structure in relation to adjacent buildings or other permanent works, and the 
level of t say, the ground floor in relation to a datum. All principal dimensions such 
as the distance between columns and overall and intermediate heights should be 
indicated, in addition to any clearances, exceptional loads, and other special require- 
ments. The most convenient scale for these general drawings is usually £ in. to i ft. 
It is often of great assistance if the general drawing can be used as a key to the detailed 
working drawings by incorporating reference marks for each column, beam, slab panel, 
or other member. 

The working drawings should be large-scale details of the members shown on 
the general drawing. A suitable scale is J in. to i ft., although plans of slabs and 
elevations of walls are often conveniently prepared to a scale of £ in. to i ft., while 
sections through beams and columns with complicated reinforcement are preferably 
drawn to a scale of i in. to i ft. Separate sections, plans, and elevations should be 
shown for the details of the reinforcement in slabs, beams, columns, frames, and 
walls, since it is not advisable to show the reinforcement for more than one such 
member in a single view. An indication should be given, however, of the reinforce- 
ment in slabs and columns in relation to the reinforcement in beams or other inter- 
secting reinforcement. Sections through beams and columns showing the detailed 
arrangement of the bars should be placed as closely as possible to the position where 
the section is taken. 

In reinforced concrete details it is best to indicate the outline of the concrete by 
a bold line and the reinforcement by a thinner full line representing the centre-line 
of the bar and, wherever clearness is not otherwise sacrificed, the line representing the 
bar should be placed in the exact position intended for the centre-line of the bar, 
proper allowance being made for the amount of cover. Thus the reinforcement as 
shown on the drawing should represent as nearly as possible the appearance of the 
reinforcement as fixed on the site, all hooks and bends being drawn to scale. 

The dimensions given on the drawing should be arranged so that the primary 
dimensions connect column and beam centres or other leading setting-out lines, and 
so that secondary dimensions give the detailed sizes with reference to the main setting- 
out lines. The dimensions on working drawings should also be given in such a way 
that the carpenters making the shuttering have as little calculation to do as possible. 
Thus, generally, the distances between breaks in any surface should be dimensioned. 
Disjointed dimensions should be avoided by combining as much information as 
possible in a single line of dimensions. 

Marks indicating where cross-sections are taken should be bold and, unless other 
considerations apply, the sections should be drawn as viewed in the same two directions 
throughout the drawing; for example, they may be drawn as viewed looking towards 
the left and as viewed looking from the bottom of the drawing. Consistency in this 
makes it easier to understand complicated details. 

Any notes on general or detailed drawings should be concise and free from 
superfluity in wording or ambiguity in meaning. Notes which apply to all working 
drawings can be reasonably given on the general arrangement with a reference to 
the latter on each of the detail drawings. Although the proportions of the concrete, 
the cover of concrete over the reinforcement, and similar information are usually 
given in the specification or bill of quantities, the proportions and covers required 
in the parts of the work shown on a detail drawing should be described on the latter, 
as the workmen rarely see the specification. If the bar-bending schedule is not given 
on a detail drawing, a reference should be made to the page numbers of the bar-bending 
schedule relating to the details on that drawing. 

Notes that apply to one view or detail only should be placed as closely as possible 
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to the view or detail concerned, and only those notes that apply to the drawing as 
a whole should be collected together. If a group of notes is lengthy there is a danger 
that individual notes will be read only cursorily and an important requirement be 
overlooked. 


Factor of Safety. 

The factor of safety of a reinforced concrete structure is not the ratio of the 
strength of the materials to the design stress, mainly because of yielding of the rein- 
forcement at a stress less than the tensile strength. The true factor of safety is the 
ratio of the greatest load that the structure can carry to the design load. The* greatest 
load, which is that causing collapse or so much distortion that the structure fails to 
fulfil its purpose, cannot be calculated exactly. The ultimate moment of resistance 
of a rectangular beam or the failure-load of a column can be calculated with reasonable 
accuracy, but the bending moments and forces acting on an overloaded monolithic 
reinforced concrete structure are indefinite, as overstressing at one part (say, at the 
support of a continuous beam) may be relieved by a reserve of strength at another part 
(say, at midspan). The distribution of bending moments is therefore different from 
that assumed under the design load. The factor of safety with stresses not exceeding 
half the yield -point stress of the reinforcement and one-third of the crushing strength 
of concrete cubes at 28 days is probably not less than three. 

A more definite factor of safety can be applied to the lateral stability of a struc- 
ture. Generally the factor of safety against overturning of a cantilevered retaining 
wall is about one and a half. For bridges, B.S. No. 153 (Part 3 a) requires the stabilis- 
ing effect to be 11 times the overturning effect due to dead loads plus 1-4 times the 
overturning effect due to other loads. 



NOTATION 

The symbols adopted in the B.S. Code of Practice No. 114 (1957) are given in the following 
and are used in the tables and elsewhere in this book. The signification of these and other 
symbols used are given in the appropriate tables and texts. 

A b, Equivalent area of helical reinforcement (volume of helix per unit length of column). 
At, Cross-sectional area of concrete, excluding any finishing material and reinforcement. 
Aic, Cross-sectional area of concrete in column core, excluding area of longitudinal reinforce- 
ment. 

A sc, Cross-sectional area of steel in compression. 

A st, Cross-sectional area of steel in tension. 

A to, Crocs- sectional area of stirrup. 

b, Breadth of a rectangular beam; breadth of flange of a T-beam or L-beam. 
b r , Breadth of the rib of a T-beam or L-beam. 

D, Diameter generally. 

d, Overall depth. 

d v Effective depth to the tensile reinforcement in a beam. 

d t , Depth to the compression reinforcement in a beam. 

d n , Depth of concrete in compression in a beam ( = depth to neutral plane). 

d s , Depth of slab forming the flange of a T-beam or L-beam. 

e, Eccentricity of a load on a column. 

Kb, Stiffness of beam. 

Kb\, Stiffness of beam on one side of a column. 

Kbb, Stiffness of beam on the opposite side of a column. 

Ki, Stiffness of lower column. 

K u , Stiffness of upper column. 

L, Length of a column or beam between adequate lateral restraints; in flat slabs, L is 

the average of L x and L a . 

L t , Length of panel of flat slab in the direction of span considered. 

L % , Width of panel of flat slab at right-angles to direction of span considered. 

l, Effective span of beam or slab; effective height of column. 
l a , Lever arm of the resistance moment. 

l x , Length of shorter side of slab spanning in two directions. 

l y , Length of longer side of slab spanning in two directions. 

M, Bending moment (suffixes as required). 

M e , Bending moment at end of beam framing into a column, assuming fixity at both ends 
of the beam. 

Met, The maximum difference between the moments at the ends of two beams framing into 
opposite sides of a column, each calculated on the assumption that the ends of the beams 
are fixed and that one of the beams is not subjected to live load. 

M r , Moment of resistance of a section to bending. 

M z and M y , Maximum bending moments, for spans l x and l y respectively, on strips of unit 
width in slabs spanning in two directions. 

m, Modular ratio. 

O, Sum of perimeters of the bars in the tensile reinforcement. 

P, Permissible load on a short column subject to load and bending. 

Pb, Eccentric load on a column. 

P 0t Axial load permissible on a short column. 

pet. Permissible compressive stress in concrete in bending. 

pec, Permissible stress in concrete in direct compression. 

Pec, Permissible compressive stress in the reinforcement. 
pst, Permissible tensile stress in the reinforcement. 

Q, Total shearing force across a section. 

q, Shearing stress at a section of a beam or slab. 

R, Modulus of rupture. 

5, Spacing or pitch of stirrups. 
u, Cube crushing strength of concrete. 

Up— u for preliminary test. 

Uu,= u for works test. 

W, Total load on beam or slab. 

Wa, Dead load. 

We, Imposed load. 

w, Total load per unit area of slab or per unit length of beam. 

* x and a y . Bending-moment coefficients for the short and long spans respectively of slabs 
spanning in two directions and freely supported on four sides. 

( 3 x and /Jy, Bending-moment coefficients for the short and long spans respectively of rectangular 
panels supported on four sides and with provision for torsion at the corners. 
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PART I 


SECTION l 

LOADS AND PRESSURES 

The loads on a structure are permanent (or dead) loads and transient (or imposed or 
live) loads. Dead loads include the weights of the structure itself and any permanent 
fixtures, partitions, finishes, superstructures, and the like. Data for computing dead 
loads are given in Tables i and 2. 

Live loads include any external loads imposed upon the structure when it is 
serving its normal purpose, and include the weight of stored materials, furniture and 
movable equipment, cranes, vehicles, snow, wind, and people. The accurate assess- 
ment of the actual and probable loads is an important factor in the production of 
economical and efficient structures. Some live loads, such as the pressures and 
weights due to contained liquids, can be determined exactly; less definite, but capable 
of being calculated with reasonable accuracy, are the pressures of retained granular 
materials. Other loads, such as those on floors, roofs, and bridges, are generally 
specified at safe values. Wind forces are much less definite, and marine forces are 
among the least determinable. 

Imposed Loads. 

Floors. — For buildings in most towns the loads imposed on floors, stairs, and 
roofs are specified in codes or regulations issued by local authorities. The loads 
given in Table 3 are based on the London By-laws (195 2 ) an d the B.S. Code No. 3, 
Chapter V (1952). For floors and roofs with small intensities of loading the beams 
are sometimes designed for a smaller imposed load than the slabs, since it is unlikely 
that the entire floor will be loaded at one time. It is the practice to design short-span 
slabs and beams for a minimum total imposed load irrespective of the span; the values 
of the minimum loads are given in Table 3. The limiting span for most slabs is 8 ft., 
below which length the minimum total imposed loads control the design of the slab. 
For spans in excess of this limiting value, the normal intensity of imposed loading 
is the controlling factor. In the case of slabs, the minimum total imposed load is 
expressed in lb. per foot width of slab, whereas for beams the minimum load is the 
total load on the beam. In accordance with the London By-laws and B.S. Code, the 
minimum load on beams applies when the area of floor supported by the beam 
is not greater than 64 sq. ft. When a beam supports more than 500 sq. ft. of a level 
floor, it is permissible to reduce the specified imposed load by 5 per cent, for every 
500 sq. ft. of floor supported, the maximum reduction being 25 per cent. ; this reduction 
does not apply to floors used for storage. The minimum total imposed loads do not 
apply to cantilevers. The imposed loads on balconies, corridors, stairs and landings 
are also given in Table 3. 

The loads on floors of warehouses and garages are dealt with on pages 11 and 13. 
In all cases of floors in buildings it is advisable, and in some localities it is compulsory, 
to affix a notice indicating the imposed load for which the floor is designed. Floors 

9 



10 REINFORCED CONCRETE DESIGNER’S HANDBOOK 

of industrial buildings where machinery and plant are installed should be designed 
not only for the load when the plant is in running order, but for the probable load 
during erection and the testing of the plant, as in some cases this load may be more 
severe than the working load. The weights of any machines or similar fixtures should 
be allowed for if they are likely to cause effects more adverse than the specified 
minimum imposed load. Any reduction in the specified imposed load due to multiple 
stories or to floors of large area should not be applied to the gross weight of the 
machine^ or fixtures. The approximate weights of some machinery such as conveyors 
and screening plants are given in Table 2. The effect on the supporting structure of 
passenger and goods lifts and the forces in colliery pit-head frames of the A-frame type 
are given on the page facing Table 5. The support of heavy safes requires special 
consideration, and the floors should be designed not only for the safe in its permanent 
position but also for the condition when the safe is being moved into position, unless 
temporary props or other means of relief are provided during installation. 

Structures subject to Vibration. — For floors subjected to vibration from such 
causes as dancing, drilling, and gymnastics, the imposed loads specified in Table 3 
are adequate to allow for the dynamic effect. For structural members subjected to 
continuous vibration due to machinery, crushing plant, centrifugal driers, and the 
like, allowance for dynamic effect can be made by reducing the working stresses by, 
say, 25 per cent, or by increasing the total dead and live load by this amount; the 
advantage of the latter method is that ordinary stresses and standard tables and 
charts are applicable. 

Balustrades and Parapets. — The balustrades of stairs, landings, and balconies 
should be designed for a horizontal load acting at the level of the handrail or coping. 
This load may be 15 lb. per linear foot for light access stairs, 25 lb. per linear foot for 
stairs in residential buildings, and 50 lb. per linear foot for other cases, including roof 
parapets. On the parapets of balconies, roofs, bridges, or elsewhere where crowds 
can assemble a horizontal load of 200 lb. per foot should be allowed. B.S. No. 153 
(Part 3A) specifies the load on bridge parapets as 25 lb. to 100 lb. per linear foot 
depending on conditions of probable loading. 

Roofs. — The imposed loads on roofs given in Table 3 are additional to all sur- 
facing materials and include snow and other incidental loads but exclude wind pressure. 
Freshly-fallen snow weighs about 5 lb. per cubic foot, but compact snow may weigh 
20 lb. per cubic foot, which should be considered in districts subject to heavy snowfalls. 
For sloping roofs the snow load decreases with an increase in the slope. According 
to the B.S. Code the imposed load is zero on roofs sloping at an angle exceeding 75 deg., 
but a sloping roof with a slope of less than 75 deg. must be designed to support an 
imposed load of 15 lb. to 20 lb. per square foot or such minimum total imposed load 
as is given in Table 3. 

If a flat roof is used for purposes such as a cafe, playground, or roof garden, the 
appropriate imposed load for such a floor should be allowed. The possibility of 
converting a flat roof to such purposes or for use as a floor in the future should also 
be anticipated. 

Columns, Walls, and Foundations. — Columns, walls, and foundations of 
buildings should be designed for the same imposed loads as the beams of the floors 
they support. In the case of buildings of more than two stories, and which are not 
warehouses, garages, or stores and are not factories or workshops the floors of which 
are designed for less than 100 lb. per square foot, the column and foundation loads 
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can be reduced thus. Consider the roof as being fully loaded. If two floors are sup- 
ported, reduce the imposed load on both floors by io per cent. If three floors, reduce 
the imposed load on the three floors by 20 per cent., and so on in 10-per-cent, reductions 
down to five or more floors for which the imposed load is reduced by not more than 
40 per cent. These requirements are in accordance with the London By-laws and 
the B.S. Code and appropriate factors are given in Table 3. If the unit load on a beam 
is reduced because of the large area supported the columns or other supporting members 
can be designed for either this reduced load or for the reduction due to multiple stories. 

Storage Loads. 

Warehouses. — Floor slabs, beams, columns, and foundations of buildings of the 
warehouse class should be designed for a minimum specified imposed load, but the 
purpose for which each floor of the warehouse is to be used should be considered and, 
if necessary, heavier loads should be assumed. For example, paper stores and printing 
works are usually designed for an imposed load of 3 cwt. per square foot. The mini- 
mum imposed loads for warehouses for various conditions as given in the B.S. Code 
and the London By-laws are given in Table 3. 

Containers. — Wherever possible the actual weights of the materials to be stored 
in such container structures as tanks, bunkers, and silos should be ascertained. The 
weights of some of the materials commonly stored in concrete containers are given 
in Table 4. The horizontal pressures due to such materials are considered on page 19. 
Where material is floating or submerged in water or other liquid the loads or vertical 
pressures on the horizontal bottom of the container can be calculated from the 
expressions and data given in Table 4. 

Live Loads due to Vehicles and Moving Equipment. 

Structures such as bridges, gantries, and buildings used for garages are designed 
for the loads imposed by vehicles, trains, cranes, and other moving equipment. 
Reliable data, relating to the weights and other loads, thrusts and other forces, to 
which suitable allowances for impact should be added, should be obtained from the 
maker (or elsewhere) of the vehicle or equipment. 

Road Bridges. — The live load on public road bridges in Britain is specified by 
the Ministry of Transport, and comprises a uniformly-distributed load combined with 
a knife-edge load. The intensity of the uniformly-distributed load depends on the 
“ loaded length " (that is the length of the member which must be loaded to produce 
the greatest stress in that member), and is given in Table 6. Consideration of the 
“ loaded length ", and notes on the application of the normal live loads, are given 
on the page facing the table. Similar loads on reinforced concrete decks of steel bridges 
are specified in B.S. No. 153, Part 3A; particulars of the normal uniformly-distributed 
load and alternative wheel-loads for certain slabs are given in Table 6, and notes on 
their application are on the page facing this table. Reference should be made to 
B.S. No. 153 for the requirements for stiffening the edges of slabs and for other 
secondary matters. 

On some bridges the effects of an abnormal load must be considered as an alter- 
native to the normal loads; particulars of this load are also given in Table 6, and is the 
same in B.S. No. 153 as that prescribed by the Ministry of Transport. For the design 
of slabs this load can be converted to an equivalent distributed load as follows : On slabs 
spanning in one direction, the equivalent load is the normal uniformly-distributed load 
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plus the knife-edge load; if the slab spans more than 20 ft. in the direction of the longi- 
tudinal axis of the bridge, this equivalent load must be increased by 25 per cent, but 
need not be greater than the load producing a bending moment of 294,000 in.-lb. per 
foot width. On slabs spanning in two directions the abnormal load is equivalent to 
the two-wheel loads specified in Table 6. 

If the standard load is excessive for the traffic likely to use the bridge (having 
regard to possible increases in the future), the load from ordinary and special vehicles 
using the bridge, including the effect of the occasional passage of steam-rollers, heavy 
lorries, and abnormally heavy loads should be considered. Axle loads (without 
impact) and other datd for various types of road vehicles are given in Table 6. The 
actual weights and dimensions vary with different types and manufacturers; notes on 
weights and dimensions are given on page 150 and include aircraft. 

The effect of impact of moving loads is usually allowed for by increasing the static 
load by an amount varying from 10 per cent, to 75 per cent., depending on the type 
of vehicle, the nature of the road surface, the type of wheel (whether rubber or steel- 
tyred), and the speed and frequency of crossing the bridge. An allowance of 25 per 
cent, on the actual maximum wheel loads is specified in B.S. No. 153, Part 3A for 
road bridges. A road bridge that is not designed for the maximum loads common 
in the district should be indicated by a permanent notice stating the maximum loads 
permitted to use it, and a limitation in speed, and possibly weight, should be enforced 
on traffic passing under or over a concrete bridge during the first few weeks after 
completion of the concrete work. 

Road bridges may be subjected to forces other than dead load and live loads 
(including impact); these include wind forces (see page 18) and longitudinal forces 
due to friction of bearings (Table 92). There is also a longitudinal force due to tractive 
effort and braking which is assumed to act at the level of the road surface on an area 
10 ft. wide and 30 ft. long (or the length of the bridge, if less) so disposed as to have 
the most adverse effect on the member; this force for bridges designed for the normal 
loading is 10 + 0*5 (L ~ 10) tons (L ft. is the span of the bridge) with a minimum of 
10 tons, and 45 tons for bridges of any span to which the abnormal load applies. 

Footpaths on road bridges should be designed to carry pedestrians and accidental 
loading due to vehicles running on the path. A load of 100 lb. per square foot is 
sufficient to allow for crowds, and an alternative of a single-wheel load of 4 tons, 
including impact, should be allowed for accidental loading where this can occur. An 
increase of 50 per cent, in the maximum permissible stresses is sometimes allowed for 
such accidental loading. If it is probable that the footpath may be converted into a road 
in the future, the slab and supports should be designed for the same load as the road. 

Railway Bridges. — The live load for which a main-line railway bridge should 
be designed is generally specified by the railway authority and may be a standard 
load such as that in B.S. No. 153, Part 3A. For light railways, sidings, colliery lines, 
and the like, smaller loads might be assumed and may be a percentage of the standard 
load, which assumes a number of heavy locomotives to be on the bridge at one time, 
but for secondary lines the probability of there being only one locomotive and a train 
of vehicles of the type habitually using the line should be considered in the interest 
of economy. The weights of some typical rail vehicles are given in Table 6. In 
addition to dead and live load (including impact), railway bridges have to be designed 
to resist the effects of lurching and nosing, centrifugal and longitudinal forces, wind 
pressure, and temperature changes. Data on these effects is given in B.S. No. 153, 
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Part 3A, for steel bridges and, in the absence of other information, can be used as a 
guide for reinforced concrete bridges, at least for preliminary designs; the data is 
summarised on the page facing Table 4. 

Railway Sleepers. — The load on a railway sleeper is the load transmitted through 
the chair or other rail-seating, and depends on the type of traffic and whether the 
sleeper is near or remote from a joint. In B.S. No. 986 (a war-time B.S.) different 
design loads are specified for ordinary reinforced concrete sleepers and prestressed 
concrete sleepers. The loads specified for the design of reinforced concrete peepers 
are given in Table 5. 

Structures supporting Cranes.— Cranes and other hoisting equipment are 
commonly supported on columns in factories or similar buildings, or on gantries. 
The wheel loads and other particulars for typical overhead travelling cranes are given 
in Table 5. It is important that a dimensioned diagram of the actual crane to be 
installed is obtained from the makers to ensure that the necessary clearances are 
provided and the actual loads taken into account. Allowances for the secondary 
effects on the supporting structure due to the operation of overhead cranes are given 
on the page facing Table 5. 

For jib cranes running on rails on supporting gantries, the load to which the 
structure is subjected depends on the disposition of the weights of the crane. The 
wheel loads are generally specified by the maker of the crane and should allow for the 
static and dynamic effects of lifting, discharging, slewing, travelling, and braking. 
The maximum wheel load under practical conditions may occur when the crane is 
stationary and hoisting the load at the maximum radius with the line of the jib 
diagonally over one wheel. 

Garages. — The floors of garages are usually considered in two classes, namely 
those for cars and other light vehicles and those for heavier vehicles. Floors in the 
lighter class are designed for specified uniformly-distributed imposed loads, or alter- 
native minimum loads which depend on whether the floor is to be used as an all-purpose 
garage or for parking only. In the design of floors for vehicles in the heavier class, 
the bendmg moments and shearing forces should be computed for the probable weights 
and the most adverse disposition of the heaviest vehicles. Actual wheel loads should 
be increased by 50 per cent, to allow for dynamic effect. The requirements of the 
B.S. Code and the London By-laws are given in Table 5. A load of 1-5 times the 
maximum actual wheel load (but not less than 2000 lb.) is assumed to be distributed 
over an area 2 ft. 6 in. square. For convenience of design, there are given in Table 5 
the equivalent uniformly-distributed loads for the calculation of the bending moments 
due to a load of one ton distributed over an area 2 ft. 6 in. square; these equivalent 
loads are tabulated for various conditions of continuity for slabs and beams and 
should be multiplied by one-and-a-half times the actual load (in tons). With a wheel 
directly over a beam and spread on an area 2 ft. 6 in. square, the load is partially 
carried by adjacent beams. To allow for this effect, reduction factors are given in 
Table 5, the factor being unity for wide beams and for widely-spaced beams; since the 
thickness of the slab must also be considered in an accurate computation, the tabulated 
factors are approximate. 

Dispersal of Concentrated Loads. 

A load from a wheel or similar concentrated load bearing on a small but definite 
area of the supporting surface (called the contact area) is considered as being further 
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dispersed over an area dependent upon the combined thicknesses of the road or other 
surfacing material, filling, concrete slab, and other constructional material. The 
width of the contact area of the wheel on the slab is equal to the width of the tyre, 
which may be 1 ft. 6 in. for the heaviest wheels; a minimum of 6 in. is usually assumed. 
The length of the contact area depends on the type of tyre and the nature of the road 
surface, and is nearly zero for steel tyres on steel plate or concrete. The maximum 
contact is probably obtained with an iron wheel on loose metalling or a pneumatic 
tyre oq a tar-macadam surface. A maximum length of 12 in. is reasonable. The 
dispersal of a concentrated load through the total thickness of the road formation 
and concrete slab is generally considered as acting at an angle of 45 deg. from the 
edge of the contact area to the centre of the lower layer of reinforcement, as is shown 
in the diagrams in Table 6. 

In the case of a pair of wheels, on one axle, on two rails supported on sleepers it 
can be considered that the load from the wheels in any position is distributed trans- 
versely over the length of a sleeper and that two sleepers are effective in distributing 
the load longitudinally. The dispersal is assumed as 45 deg. through the ballast and 
deck below the sleepers, as indicated in Table 6. When a rail bears directly on concrete 
the dispersion may be four to six times the depth of the rail. These rules apply to 
slowly-moving trains; fast-moving trains may cause a “ mounting ” surge in front 
of the train such that the rails, and sleepers, immediately in front of the driving wheels 
may tend to rise and therefore impose less load in front, but more behind, on the 
supporting structure. 


Marine Structures. 

The forces acting upon wharves, jetties, dolphins, piers, docks, sea-walls, and 
similar marine and riverside structures include those due to the wind and waves, 
blows and pulls from vessels, the loads from cranes, railways, roads, stored goods and 
other live loads imposed on the deck, and the pressures of earth retained behind the 
structure. 

In a wharf or jetty of solid construction the energy of impact due to blows from 
vessels berthing is absorbed by the mass of the structure, usually without damage to 
the structure or vessel if fendering is provided. With open construction, consisting 
of braced piles or piers supporting the deck in which the mass of the structure is com- 
paratively small, the forces resulting from impact must be considered, and these forces 
are dependent upon the weight and speed of approach of the vessel, on the amount of 
fendering, and on the flexibility of the structure. A large vessel has generally a low 
speed of approach and a small vessel a higher speed of approach. Some examples 
are a 500-tons trawler berthing at a speed of 1 ft. per second; a 4000-tons vessel at 
6 in. per second; a io,ooo-tons vessel at 2 in. per second; and a 26,000-tons vessel at 
5 in. per second. The kinetic energy of a vessel of iooo-tons displacement moving 
at a speed of 1 ft. per second and of a vessel of 25,000 tons moving at 2*4 in. per second 
is in each case about 16 ft. -tons. The kinetic energy of a vessel having a displacement 
of W tons approaching at a velocity of V ft. per second is o-oi 6WV* ft.-tons. If the 
direction of approach is normal to the face of the jetty, the whole of this energy must 
be absorbed upon impact. More commonly a vessel approaches at an angle of 6 deg. 
with the face of the jetty and touches first at one point about which the vessel swings. 
The kinetic energy then to be absorbed is 0-016 W[(V sin 0 )* — (/>a>)*], where p is the 
radius of gyration (ft.) of the vessel about the point of impact and a) is the angular 
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velocity (radians per second) of the vessel about the point of impact. The numerical 
values of the terms in this expression are difficult, if not impossible, to assess and 
can vary considerably under different conditions of tide and wind and with different 
vessels and methods of berthing. 

The kinetic energy of approach is absorbed partly by the resistance of the water, 
but most of it will be absorbed by the fendering, elastic deformation of the structure 
and the vessel, movement of the ground, and by the energy “ lost ” upon the impact. 
The proportion of energy lost upon impact (considered as inelastic impact), if 

Wm * 

the weight of the structure is W t , does not exceed — — —— approximately. It is 

W + W$ 

advantageous to make W$ approximately equal to W. The energy absorbed by the 
deformation of the vessel is difficult to assess, as is also the energy absorbed by the 
ground. It is sometimes recommended that only about one-half of the total kinetic 
energy of the vessel be considered as being absorbed by the structure and fendering. 

The force to which the structure is subject upon impact is calculated by equating 
the product of the force and half the elastic horizontal displacement of the structure 
to the kinetic energy to be absorbed. The horizontal displacement of an ordinary 
reinforced concrete jetty may be about i in., but probable variations from this amount 
combined with the indeterminable value of the kinetic energy absorbed results in the 
actual value of the force being also indeterminable. Ordinary timber fenders applied 
to reinforced concrete jetties cushion the blow, but may not substantially reduce the 
force on the structure. A spring fender or a suspended fender can, however, absorb 
a large portion of the kinetic energy and thus reduce considerably the blow on the 
structure. Timber fenders independent of the jetty are sometimes provided to 
relieve the structure of all impact forces. 

The combined action of wind, waves, currents, and tides on a vessel moored to 
a jetty is usually transmitted by the vessel pressing directly against the side of the 
structure or by pulls on mooring ropes secured to bollards. The pulls on bollards, 
due to the foregoing causes or during berthing, vary with the size of the vessel. A 
pull of 15 tons acting either horizontally outwards or vertically upwards or down- 
wards is sometimes assumed. A guide to the maximum pull is the breaking strength 
of the mooring rope, or the power of capstans (when provided) which vary from 1 ton 
up to more than 20 tons at a large dock. 

The effects of wind and waves acting on a marine structure are much reduced if 
an open construction is adopted and if provision is made for the relief of pressures due 
to water and air trapped below the deck. The force is not, however, directly related 
to the proportion of solid vertical face presented to the action of the wind and waves. 
The magnitude of the pressures imposed is impossible to assess with accuracy, except 
in the case of sea-walls and similar structures where there is such a depth of water 
at the face of the wall that breaking waves do not occur. In this case the pressure 
is merely the hydrostatic pressure which can be evaluated when the highest wave 
level is known, or assumed, and an allowance is made for wind surge, which, in the 
Thames estuary for example, may raise the high-tide level 5 ft. above the normal head. 

A wave breaking against a sea-wall induces a shock pressure additional to the 
hydrostatic pressure and reaches its maximum value at about mean water-level and 
diminishes rapidly below this level and less rapidly above it. The shock pressure 
may be ten times the hydrostatic pressure and maximum pressures up to 6 tons per 
square foot are possible with waves 15 ft. to 20 ft. high. The shape of the face of 
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the wall, the slope of the foreshore, and the depth of the water at the wall affect the 
maximum pressure and the distribution of pressure. All the possible factors that 
may affect the stability of a sea-wall cannot be taken into account by calculation, 
and there is no certainty that the severity of the worst recorded storms may not be 
exceeded in the future. 


Wind Forces. 

Velocity and Pressure of Wind. — The force due to wind on a structure depends 
on the velocity of the wind and the shape and size of the exposed members. The 
velocity depends on the district in which the structure is erected, the height of the 
structure, and the shelter afforded by buildings or hills in the neighbourhood. In 
Britain the velocity of gusts may exceed 100 miles per hour but such gusts occur 
mainly in coastal districts. Gusts of upwards of 80 miles per hour, although infre- 
quent, may be experienced in inland districts. The classification of winds according 
to the Beaufort scale and the corresponding velocities are given in Table 7. The 
velocity of wind usually increases with the height above the ground. A relationship 
between velocity and height specified by the Meteorological Office is given in Table 7; 
this expression is based on the velocity at a height of 33 ft. (10 metres). 

The pressure due to wind varies as the square of the velocity V, and on a flat 
surface the theoretical pressure is 0-0025 F 2 lb. per square foot. It is necessary, how- 
ever, to combine the effect of suction on the leeward side of an exposed flat surface 
with the positive pressure on the windward side. The resultant pressure can be 
calculated from the expression given in Table 7, in which are also tabulated the pressures 
for certain velocities. 

The distribution and intensity of the resultant pressures due to wind depend 
on the shape of the surface upon which the wind impinges. For example, on a vertical 
cylindrical surface the intensity of pressure varies as shown on the diagram in Table 7. 
The ratio of height to diameter seriously affects the intensities of the pressures; the 
greater this ratio, the greater is the pressure. In practice it is usual to allow for the 
distribution and variation in intensity of the pressure by applying a factor to the 
normal specified or estimated pressure acting on the projected area of the structure. 
Such factors are given in Table 7 for cylindrical, octagonal, and square “ solid ” struc- 
tures with various ratios of height to width ; the corresponding factors for open-frame 
(unclad) structures and for chimneys and sheeted towers are also given. The factors 
are in accordance with B.S. Code No. 3 (Chapter V). 

The wind pressure to be used in the design of any particular structure should 
be assessed by consideration of relevant conditions, and especially should be based 
on local records of velocities. 

Buildings. — The effect of the wind on buildings is very complex but most building 
by-laws simply specify a static pressure. For example, local by-laws in Britain some- 
times specify that the wind pressure on a building in any horizontal direction shall 
be assumed to be not less than 15 lb. per square foot on the upper two-thirds of the 
vertical projected surface of the building with an additional pressure of not less than 
10 lb. per square foot on all projections above the general level of the roof. In any 
particular case it is necessary to determine the requirements of the local authority. 

The B.S. Code No. 3 deals with wind forces in more detail. The intensity of 
external pressure is calculated from the velocity of the wind and the height of the 
building. The assumed velocity depends on the locality and degree of exposure of 
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the building. Neglect of the effect of wind on the building as a whole is permitted 
when, in a building stiffened by walls and floors, the height does not exceed twice the 
width. The basic pressures recommended in the B.S. Code for buildings of various 
heights and exposures sire given in Table 8; see also the notes relating to Table 8 on 
the page facing Table 7. 

The probable variation and distribution of pressures and suctions on buildings 
without permanent openings in the walls are shown in Table 7, but for design purposes, 
these effects are simplified as follows. 

The design of a building to resist wind should take into consideration* (i) the 
stability of the building as a whole and the pressures and forces on the foundations; 
(ii) the design of the walls; (iii) the design of the roof; and (iv) projections above the 
rpof. For stability and foundations, the primary force is generally the pressure on 
the vertical faces of the building. The basic intensity of pressure p (as given in Table 8), 
is considered to be a pressure of o -$p on the windward face and a suction of 0'$p on 
the leeward face. These pressures are assumed to act uniformly on the whole height 
of the vertical face of the building and must be combined with the horizontal com- 
ponents of the pressures and suctions on the roof which are assumed to act at right- 
angles to the slope of the roof. On a building with a flat roof, the windward half of 
the roof is subjected to a suction of p and the leeward half to a suction of 07 $p. On 
a pitched roof the pressures and suctions on the windward and leeward slopes depend 
on the degree of slope and appropriate values are given in Table 8; these pressures and 
suctions apply to the roof as a whole, but for the design of the roof covering and 
purlins, or other supports, greater local pressures and suctions, as also given in Table 8, 
should be considered. In calculating the stability the total pressure on any projection 
above the general level of the roof must also be taken into account, the value of p 
depending upon the total height of the projection above the ground. In the design 
of the walls, to the external pressure and suction of o-$p an allowance must be added 
for internal pressure and suction, depending on the area of openings in the walls. 
In ordinary buildings it is recommended that the alternatives of an internal pressure 
or an internal suction should be assumed; therefore a wall as a whole should be designed 
to resist an inward or outward pressure of the amounts given in Table 8, but individual 
panels of the wall should be designed to resist the greater pressure stated in the table. 
The walls and roofs of projections above the general roof level should be designed 
as described for the walls and roof of the main building, the basic intensity of pressure 
being greater to allow for the greater height. An example of the application of the 
recommendations in Table 8 is given on the page facing the table. 

Curved roofs should be divided into segments as described in Table 3. B.S. Code 
No. 3 should be referred to for roofs of multiple spans and the effect of wind “ drag ”. 

Chimneys and Towers. — Since a primary factor in the design of chimneys and 
similarly exposed isolated structures is the force of the wind, careful consideration 
of each case is necessary to avoid either under-estimating this force or making an unduly 
high assessment. Where records of wind velocities in the locality are available an 
estimate of the probable wind pressures can be made. Due account should be taken 
of the susceptibility of narrow shafts to the impact of a gust of wind. Some by-laws 
in Britain specify the intensities of horizontal wind pressure to be used in the design 
of circular chimney shafts for factories. The total lateral force is the product of the 
specified pressure and the maximum vertical projected area, and a factor of safety of 
at least ij is required against overturning. In some instances specified pressures 
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are primarily intended for the design of brick chimneys, and in this respect it should 
be remembered that the margin of safety is greater in reinforced concrete than in 
brickwork or masonry owing to the ability of reinforced concrete to resist tension, 
but a reinforced concrete chimney, like a steel chimney, is subject to oscillation under 
the effect of wind. The pressures recommended in the B.S. Code No. 3 are given in 
Table 8; these recommendations allow for a variable pressure increasing from a mini- 
mum at the bottom to a maximum at the top of the chimney (or tower). A factor, 
as given in Table 7, to allow for the shape of the structure, can be applied to allow for 
the relieving effect of curved and polygonal surfaces of chimneys, and of the tanks 
and the supporting structures of water towers. For cylindrical shafts with fluted 
surfaces a higher factor than that given in Table 7 should be applied. Local meteoro- 
logical records should be consulted to determine the probable maximum wind velocity 
at a height of 40 ft. The chimney, or other structure, can be divided into a number 
of parts and the average pressure on each part is taken from Table 8. 

Chimneys extending above the roof of a building can be designed for the wind 
forces recommended in the B.S. Code or can be dealt with as described in the foregoing 
for projections above the general roof level. 

Bridges. — The forces due to the wind can be neglected on an ordinary reinforced 
concrete bridge that does not project far above the level of the surrounding land 
and the width of which is about the same as its height. For high bridges and those 
erected in exceptionally exposed positions the probable wind forces should be investi- 
gated. If other intensities of wind pressure are not specified, and if greater pressures 
due to exceptional conditions of exposure are not deemed likely, the pressure and rules 
for calculating the exposed area as given in Table 8 can be adopted. 

Poles and Posts. 

Transmission -line Poles. — A transmission-line pole is subject to the weights 
and pulls of the conductors suspended from it. Due to the pressure of the wind on 
the conductors, a horizontal force acts transversely to the line at the point at which 
the conductors are attached. In computing the weight of the conductor and the area 
exposed to the pressure of the wind, the diameter is considered to be increased by 
adhering ice, the increase in Britain generally being assumed to be about f in., although 
some regulations require the increase to be 1 in. for high-tension conductors and £ in. 
for low-tension conductors. The wind pressure on a high pole must also be taken 
into account, this being assumed to act at the midpoint of the part of the pole above 
ground. Formulae for the wind forces on the pole and the conductors are given in 
Table 9 and suitable wind pressures are given in Table 8. Notes on the design of 
transmission-line poles are given in Table 9. 

The wind force on a transmission-line pole is mainly that transferred to the pole 
by wind pressure on the conductors. In Britain it is usual to assume that a net 
wind pressure of 8 lb. per square foot (p c in the formulae in Table 9) acts on the projected 
area of the ice-covered conductor; this pressure includes the allowance for the shape 
of the conductor. If a pole carries several conductors no allowance should be made 
for one conductor shielding another, since high-tension conductors are not closely 
spaced. If 8 lb. per square foot is allowed for the pressure on the conductors of 
assumed circular section, reasonable values for the pressure on the exposed face of 
the pole (p v in Table 9) are 15 lb. per square foot for a rectangular section (as in 



LOADS AND PRESSURES 19 

Table 8) and 8 lb. per square foot for a circular section. Greater pressures may be 
necessary for poles that are perforated. 

Lamp Posts. — The load on a lamp post includes, in addition to the weight of 
the post, the weights of and wind pressure on the bracket, the lantern, and the raising 
and lowering gear. The weights of the lantern and of the moving part of the raising 
and lowering gear should be increased by 50 per cent, to allow for dynamic effects. 
A factor of safety of 2 £ on these loads is usually specified. For the calculation of 
wind pressures on tall lamp posts B.S. No. 1308 specifies a wind velocity of 70 miles 
per hour for which the corresponding pressures at various heights are given in Table 8. 

Active Pressures of Retained and Contained Materials. 

The value of the horizontal pressure exerted by a contained material or by earth 
or other material retained by a wall is uncertain, except when the contained or retained 
material is a liquid. The formulae, rules and other data in Tables 10 to 14 are given 
as practical bases for the calculation of such pressures. Reference should also be 
made to Code No. 2, “ Earth-Retaining Structures ”, of the Institution of Structural 
Engineers. 

Liquids. — At any depth h ft. below the free surface of a liquid, the intensity 
of pressure p lb. per square foot normal to a surface subject to pressure from the liquid 
is equal to the intensity of vertical pressure which is given by the simple hydrostatic 
expression p — wh, where w is the unit weight of the liquid in lb. per cubic foot. 

Granular Materials. — When the contained material is granular, for example, 
dry sand, grain, small coal, gravel, or crushed stone, the pressure normal to a retaining 
surface can be expressed conveniently as a fraction of the equivalent fluid pressure, 
thus p = kwh, where A is a measure of the " fluidity ” of the contained or retained 
material and varies from unity for perfect fluids to zero for materials that stand un- 
retained with a vertical face. The value of k depends also on the physical character- 
istics, water content, angle of repose, angle of internal friction, and the slope of the 
surface of the material, on the slope of the wall or other retaining surface, on the 
material of which the wall is made, and on the surcharge on the contained material. 
The value of k is determined graphically or by calculation, both methods being usually 
based on the wedge theory or the developments of Rankine or Cain. The total 
pressure normal to the back of a sloping or vertical wall of height H can be calculated 
from the formulae in Table 10 for various conditions. 

Friction between the wall and the material is usually neglected, resulting in 
a higher calculated normal pressure which is safe. Friction must be neglected if the 
material in contact with the wall can become saturated and thereby reduce the friction 
by an uncertain amount or to zero. Only where dry materials of well-known properties 
are being stored may this friction be included. Some values of the coefficient of friction 
l * are given in Table 14. When friction is neglected (that is ja — o), the pressure 
normal to the back of the wall is equal to the total pressure and there is, theoretically, 
no force acting parallel to the back of the wall. 

Generally, in the case of retaining walls and walls of bunkers and other containers, 
the back face of the wall is vertical (or nearly so) and the substitution of p = 90 deg. 
in the general formulae for k gives the simplified formulae in Table 10. Values of k x 
(maximum positive slope or surcharge), k % (level fill) and k z (maximum negative slope) 
for various angles of internal friction (in degrees and gradients) are given in Table 1 1 ; 
the value of such angles for various granular materials are given in Tables 11 and 14. 



20 


REINFORCED CONCRETE DESIGNER’S HANDBOOK 


For a wall retaining ordinary earth with level filling k t is often assumed to be 0*3 and, 
with the average weight of earth as 100 lb. per cubic foot, the corresponding intensity 
of horizontal pressure is 30 lb. per square foot per foot of height. The formulae assume 
dry materials. If ground-water occurs in the filling behind the wall, the modified 
formula given on the page facing Table 10 applies. 

The intensity of pressure normal to the slope of an inclined surface is considered 
on the page facing Table 10 and in Table 11. 

Effect of Surcharge (Granular Materials). — The effects of various types of 
surcharge on the ground behind a retaining wall are evaluated in Table 13, comments 
on which are given on the page facing the table. 

Theoretical and Actual Pressures of Granular Materials.— In general 
practice, horizontal pressures due to granular materials can be determined by the 
purely theoretical formulae of Rankine, Cain, and Coulomb. Many investigators have 
made experiments to determine what relation actual pressures bear to the theoretical 
pressures, and it appears that the Rankine formula for a filling with a level surface 
and neglecting friction between the filling and the back of the wall gives too great 
a value for the pressure. Thus retaining walls designed on this theory should be on 
the side of safety. The theory assumes that the angle of internal friction of the 
material and the surface angle of repose are identical, whereas some investigators find 
that the internal angle of friction is less than the angle of repose and depends on the 
consolidation of the material. The ratio between the internal angle of friction and 
the angle of repose has been found to be approximately between 0*9 to 1. For a filling 

. _ /i — sin Q\ 

with a level surface the horizontal pressure given by p = wh \Y~jjT^~o) a & rees ver Y 
closely with the actual pressure if 0 is the angle of internal friction and not the angle 
of repose. The maximum pressure seems to occur immediately after the filling has 
been deposited, and the pressure decreases as settling proceeds. The vertical com- 
ponent of the pressure on the back of the wall appears to conform to the theoretical 
relationship V = P tan /i. A rise in temperature produces an increase in pressure 
of about 1 per cent, per 10 deg. F. 

The point of application of the resultant thrust on a wall with a filling with a level 
surface would appear theoretically to be at one-third of the total height for shallow 
walls, and rises in the course of time and with increased heights of wall. According 
to some investigators the point of application is at the third-point for fillings the 
surface of which slopes downwardly away from the wall and rises as the slope increases 
upward. 

Loads imposed on the ground behind the wall and within the plane of rupture 
increase the pressure on the wall, but generally loads outside the wedge ordinarily 
considered can be neglected. The increase of pressure due to transient imposed loads 
remains temporarily after the load is removed. If the filling slopes upwards, theory 
seems to give pressures almost 30 per cent, in excess of actual pressures. 

Cohesive Soils. — Cohesive soils include clays, soft clay shales, earth, silts, and 
peat. The active pressures exerted by such soils vary greatly; due to cohesion, 
pressures may be less than those due to granular soil, but saturation may cause much 
greater pressure. The basic formula for the intensity of horizontal pressure at any 
depth on the back of a vertical wall retaining a cohesive soil is that of Mr. A. L. Bell 
(derived from a formula by Fran9ais). Bell’s formula is given in two forms in Table 10. 
The cohesion factor is the shearing strength of the unloaded clay at the surface. 
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Some typical values of the angle of internal friction and the cohesion C for common 
cohesive soils are given in Table 12, but actual values should be ascertained by test. 

According to this formula there is no pressure against the wall down to a depth 

— 7= below the surface if the nature of the clay is prevented from changing, but 
w\k % 

as this condition is unlikely to exist owing to the probability of moisture changes, it 
is essential that hydrostatic pressure should be assumed to act near the top of the wall. 
Formulae for the pressure of clays of various types and in various conditions are given 
in Table 12, together with the properties of these and other cohesive soils. In &fcneral, 
friction between the clay and the back of the wall should be neglected. 

Passive Resistance of Granular and Cohesive Materials. 

The remarks in the previous paragraph relate to the active horizontal pressure 
exerted by contained and retained materials. 

If a horizontal pressure in excess of the active pressure is applied to the vertical 
face of a retained bulk of material, the passive resistance of the material is brought 
into action. Up to a limit, determined by the characteristics of the particular material, 
the passive resistance equals the applied pressure; the maximum intensity that the 
resistance can attain for a granular material with a level surface is given theoretically 
by the reciprocal of the active-pressure factor. The passive resistance of earth is 
taken into account when considering the resistance to sliding of a retaining wall, when 
dealing with the forces acting on sheet-piles, and when designing earth anchorages, 
but in these cases consideration must be given to those factors, such as wetness, that 
may reduce the probable passive resistance. Abnormal dryness may cause clay soils 
to shrink away from the surface of the structure, thus necessitating a small but most 
undesirable movement of the structure before the passive resistance can act. 

For a dry granular material with level fill the passive resistance is given by the 
formula in Table 10; expressions for the passive resistance of water-logged ground 
are given on the page facing the table. It is not easy to assess the passive resistance 
when the surface of the material is not level, and it is advisable never to assume 
a resistance exceeding that for a level surface; when the surface slopes downwards 
the passive resistance should be neglected. 

For ordinary saturated clay the passive resistance is given by the formula in 
Table 10 and the corresponding formulae for clay in other conditions are given in 
Table 12. 

Horizontal Pressures of Granular Materials in Liquid. 

The effect of saturated soils is considered in preceding paragraphs. The notes 
on the page facing Table 10 and the numerical values of some of the factors involved 
for certain materials as given in Table n apply to granular materials immersed in or 
floating in liquids. 

Deep Containers (Silos). 

The foregoing observations relating to the pressures on walls relate only to retaining 
walls and the walls of shallow containers. In deep containers, termed silos, the arching 
effect of the contained material considerably relieves the wall of some of the horizontal 
pressure, so that the principle that the pressure is proportional to the depth of filling 
is no longer true. The limiting condition that determines whether any particular 
container shall be considered as " shallow ” or " deep " is that if the plane of rupture 
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strikes the opposite wall before reaching the free surface the container can be treated 
as “ deep if otherwise the container must be considered as “shallow’*. These 
conditions are shown in the diagrams in Table 14, in which also is given the formula 
for determining the theoretical minimum depth of a “ deep ’’ container. For grain 
the minimum depth is theoretically equal to about one-and-a-quarter times the breadth 
of the container, and for cement it is equal to about one-and-a-half times the breadth. 
During the emptying process the arching action on which the reduction of pressure 
depends is partially or completely destroyed, and pressures appreciably in excess of 
the theoretically determined pressures are obtained. It would seem therefore that 
for absolute security no container that is not at least twice as deep as it is wide should 
be treated as a deep container. 

Pressures in Silos. — The value and variation of the pressures in silos is usually 
computed by either Janssen’s or Airy’s formula. Janssen’s formula gives pressures 
slightly lower than Airy’s formula, and in its general form is given in Table 14. The 
horizontal pressure ph depends on the weight w per cubic foot of material in the silo, 
the ratio R of plan area A to the perimeter of the silo, the angle of friction /x between 
the contained material and the wall of the silo, the depth In of material above the plane 
considered, and a factor involving, among other terms, the ratio k of the horizontal 

to the vertical pressure ; this ratio equals k 2 ( = for unconfined granular 

materials, but values for confined materials are given in Table 14, together with other 
properties of materials commonly stored in silos, and values of R for silos of common 
shapes. 

The intensity of vertical pressure p v on any horizontal plane of the material is 

Therefore the total pressure on any horizontal plane is and the load trans- 
ferred by friction to the walls of the silo is (wh — per unit length of wall. 

For materials such as grain the value of k is usually about 0-5, and the value of 
tan /i for concrete walls is about 0*444. On the page facing Table 14 the magnitude of 
Ph 

~~ for various values of R and h, with these values of k and tan [x, are given. 

The value of k equal to 0*5 commonly adopted for reinforced concrete grain silos 
is on the safe side for the calculation of the horizontal pressure and load carried by 
the walls, but for the calculation of the vertical pressure on the bottom of the silo, 
a value of k equal to J is advisable. For ordinary coarse cement common values 
are w = 90 lb. per cubic foot, k = 0*53 (assuming an angle of repose of 18 deg.), and 
tan ft = 0*577. In silos where the cement is pneumatically agitated, the friction 
between the wall and the cement, on which the reduced pressure depends, does not 
operate, and the walls of such silos must be designed for “ fluid ” pressures assuming 
a weight of, say, 75 lb. per cubic foot. 

From the data on the page facing Table 14 it is seen that the pressure on the wall 
increases very little below a depth of three times the least width of the container. 
Tests indicate that the maximum pressures occur in silos during filling, and are some- 
what greater for a silo filled rapidly than one filled slowly. The pressures ph and p v , 
which vary with the depth of the filling (see the diagram in Table 14) and attain 
theoretical maximum values at infinite depth, approach the maximum values of 
tvR wR 

Pm&x. = ^ an " and p v max. = Ytan jl' ^ practical and safe method is therefore to 
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design the upper part of the wall of a silo for a pressure that increases according to 
the formula for a shallow container, pn = k % wh, until a depth is reached where 
ph ~ pmax. ; below this depth the wall is designed for the pressure pmax. as shown in 
the diagram in Table 14. 

Grain will not flow down a slope less steep than 33 deg. to the horizontal; therefore 
the angle in the valley of a pyramidal bottom of a grain silo should be not less than, 
say, 30 deg. The corresponding valley angle for clean coal is 45 deg. A method of 
calculating the valley slope is given on page 342. 

Since the weight of barley is about 25 lb. per cubic foot the pressures due *to this 
material are only about half the pressures due to wheat; therefore a silo designed to 
contain barley must not be filled with other grain. Likewise, any container designed 
to hold coal should not be filled with stone, and a silo designed to hold static cement 
may be insufficiently strong to hold cement fluidised by the injection of air. It is 
important also to ensure that the coefficient of friction between the stored material 
and the wall is not over-estimated when designing the bottom or under-estimated 
when designing the wall; some smooth linings installed after the silo has been con- 
structed may invalidate assumptions made in the design. 



SECTION 2 

BENDING MOMENTS AND FORCES 

The bending moments and shearing forces on freely-supported beams are determined 
readily from the simple statical rules but, for continuous beams and statically-indeter- 
minatef frames, one of several methods of analysis should be applied. The most 
suitable method depends mainly on the type of problem and, to a certain extent, on 
the appeal a certain method may have to the designer if two or more methods are 
otherwise equally suitable. The methods given in this section include mathematical 
methods such as the Theorem of Three Moments and Slope-deflection, and practical 
methods such as Moment distribution. Many of the tabulated results, the derivation 
of which are not necessarily given, are obtainable by application of more than one 
method. 

The basic relation between the shearing force, bending moment, slope and deflec- 
tion caused by a load in a structural member are given in Table 15, in which is also given 
typical diagrams of bending moments and shearing forces for cantilevers, propped 
cantilevers, freely-supported beams, and beams fixed or continuous at both supports. 

In practice, the deflection of a reinforced concrete beam is restricted to a reasonable 
amount by limiting the ratio of the span to the depth of the member; the ratios for 
various types of beams and slabs are given in Table 15. Adoption of these or smaller 
ratios ensures that in general the efficiency of a structure is not impaired and that 
cracks are not likely to occur in applied finishes. 

Cantilevers and Beams of One Span. 

In Table 16 are tabulated the coefficients for maximum shearing forces (that is 
the reactions of the supports), the coefficients for the maximum bending moments, 
and the coefficients for the maximum deflections produced by common types of load 
on cantilevers and freely-supported beams of one span. Similar data are given in 
Table 17 (general cases) and Table 17A (special cases) for beams rigidly fixed at both 
ends and beams with one end fixed and one end freely supported (that is propped 
cantilevers). Notes on the derivation of the factors for propped cantilevers and fixed 
beams are given on the page facing Table 18. 

The bending-moment factors for beams of one span fixed at both supports are 
the basis of the load-factors used in calculations in some methods of analysing statically- 
indeterminate structures, and such load-factors (which should not be confused with 
load-factors used in determining the resistances of members by ultimate-load methods) 
and notes relating to the methods to which they apply are given in Table 18. 

Continuous Beams. 

There are several methods of determining the bending moments and shearing 
forces on beams continuous over two or more spans ; some of these methods are dealt 
with in the following and in the corresponding tables. 

Calculated Bending Moments and Shearing Forces. — The bending moments 
on a beam continuous over two or more spans can be calculated by the Theorem of 
Three Moments which in its general form for any two contiguous spans is expressed 
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by the general and special formulae given in Table 19. Notes on the use of the formulae 
and calculation of the shearing forces are considered on the page facing Table 20; an 
example is given on the page facing Table 19. The formulae establish the values of 
the bending moments negative at the supports; the positive bending moment in the 
span can be obtained graphically or, in the case of uniformly-distributed loads, from 
the formulae given in Table 20. 

It should be noted that ther loading producing the greatest negative bending 
moments at the supports is not necessarily that producing the greatest positive pending 
moments in the span. The incidence of live load to give the greatest bending moments 
is illustrated in Table 20 and comments are given on the page facing the table. Some 
dispositions of live load may produce negative bending moments in adjacent unloaded 
spans and approximate formulae for calculating such bending moments are given in 
Table 20. 

The moment of inertia of a reinforced concrete beam of uniform depth may vary 
throughout its length because of variations in the amount of reinforcement. It is 
common, however, to neglect these variations for beams of uniform depth and for 
beams having small haunches at the supports. Where the depth of a beam varies 
considerably, neglect of the variation of moment of inertia when calculating the 
bending moments leads to results that differ widely from the probable bending 
moments. Methods of dealing with beams of non-uniform moment of inertia are 
given in Table 19 and on the page facing Table 20. If the method of moment distribu- 
tion is used, the coefficients and formulae in Table 33 are applicable. 

Another method of determining the bending moments at the supports of beams 
continuous over equal or unequal spans is given in Table 25; explanatory notes of this 
method are given on the page facing Table 24 and an example of the use of Table 25 
is given on the page facing the table. A graphical method based on “ fixed points " 
is given in Table 24 and described on the page facing the table. 

The shearing forces on a span of a continuous beam can be calculated from the 
basic formulae given in Table 20. 

Coefficients for Bending Moments and Shearing Forces for Equal Spans. — 
For beams continuous over a number of equal spans, calculation of the maximum 
bending moments from basic formulae is unnecessary since the moment and shearing 
forces can be tabulated. For example, in Table 21 are given the values of the bending- 
moment coefficients for the middle of each span and at each support for two, three, 
four, and five or more continuous equal spans carrying identical loads on each span, 
which is the usual disposition of the dead load on a beam. The coefficients for the 
maximum bending moments at midspan and support for the most adverse incidence 
of live loads are also given; the alternative coefficients assuming only two spans to be 
loaded in the case of the bending moments at the supports are given in brackets. It 
should be noted that the maximum bending moments do not occur at all sections 
simultaneously. The types of load considered are a uniformly-distributed load, a 
single load concentrated at midspan, and equal loads at the two third-points of the 
span. The bending-moment diagrams for beams continuous over two or more spans 
are given in Tables 22 and 23. The theoretical bending moments may be adjusted 
to reduce the peak negative bending moments which can be reduced by 15 per cent, 
if the numerical value of the reduction is added to the positive bending moments in 
the two adjacent spans. This adjustment, which is convenient to reduce the inequality 
between the negative and positive moments, conforms to the recommendations in 
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B.S. Code No. 114; these recommendations permit an increase or decrease of 15 per cent, 
with consequent adjustment of the bending moments in the adjacent spans, the amount 
of the adjustment being different for interior spans and end spans; the adjusted 
bending-moment coefficients and diagrams are given in Tables 22 and 23. The basis 
of the diagrams in these tables is described below. 

It is generally assumed that an ordinary continuous beam is freely supported on 
the end supports (unless fixity or other condition of restraint is specifically known), 
but in # most cases the beam is constructed monolithically with the support, thereby 
producing some restraint; in Table 23 are given coefficients for this case. 

The shearing forces produced by a uniformly-distributed load when all spans are 
loaded and the greatest shearing forces due to any incidence of live load are given 
in Table 21 for beams continuous over equal spans. 

Approximate Bending -moment Coefficients. — The precise determination of 
the theoretical bending moments on continuous beams may involve much mathe- 
matical labour, except in cases which occur often enough to warrant tabulation. 
Having regard to the general assumptions of unyielding knife-edge supports and 
uniform moment of inertia, the probability of the theoretical bending moments being 
greater or less than those actually realised should be considered. The effect of variation 
of the moment of inertia is given on page 174. The following factors cause a decrease 
in the negative bending moment at a support: settlement of the support relative to 
adjacent supports causing an increase in the positive bending moments in the adjacent 
spans and may be sufficient to convert the bending moment at that support into 
a positive bending moment; supports of considerable width; support and beam con- 
structed monolithically. The settlement of one or both of the supports on either side 
of a given support causes an increase in the negative bending moment at the given 
support and consequently affects the positive bending moments in adjacent spans. 

The indeterminate nature of the actual bending moments occurring leads in 
practice to the adoption of approximate bending-moment coefficients for continuous 
beams and slabs of about equal spans with uniformly-distributed loads. Such 
coefficients are given in the lower part of Table 20; notes on the use of the coefficients 
are given on the page facing the table. 

When the bending moments are calculated with the spans assumed to be equal 
to the distance between the centres of the supports, the critical bending moment in 
monolithic construction can be considered as that occurring at the edge of the support. 
When the supports are of considerable width the span can be considered as the clear 
distance between the supports plus the effective depth of the beam, or an additional 
span introduced equal to the width of the support minus the effective depth of the 
beam. The load on this additional span can be considered as the reaction of the 
support spread uniformly along the part of the beam over the support. When a beam 
is constructed monolithically with a very wide and massive support the effect of 
continuity with the span or spans beyond the support may be negligible, in which 
case the beam should be treated as fixed at the support. Other cases of beams being 
constructed monolithically with a support of moderate size, such as in ordinary beam 
and column construction, are considered in Tables 31 and 32, but in these cases the 
bending moment on the beam at the interior supports does not exceed the calculated 
bending moment, assuming knife-edge supports. 

Bending -moment Diagrams for Equal Spans. — The basis of the bending- 
moment diagrams in Tables 22 (two and three spans) and 23 (four or more spans) is 
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as follows. The theoretical bending moments are calculated to obtain the coefficients 
for the bending moments near the middle of each span and at each support for a 
uniformly-distributed load, a central load, and loads concentrated at the third-points 
of each span. The condition of all spans loaded (for example, dead load) and conditions 
of incidental (or live) load producing the greatest bending moments are considered. 
As the coefficients are calculated by the Theorem of Three Moments (and are therefore 
not approximate), the decrease or increase of 15 per cent, of the maximum negative 
bending moments at the supports, as recommended in the B.S. Code, is permissible. 
The coefficients are reduced by 15 per cent, to establish the reduced bending moments 
at the supports, and are increased by 15 per cent, to derive the reduced positive bending 
moments in the spans. Tables 22 and 23 also give the coefficients for the positive 
bending moments at the supports and the negative bending moments in the spans 
which are produced under some conditions of live load; it is not generally necessary 
to take these small bending moments into account as they are generally insignificant 
compared with the bending moments due to dead load. 

The method of calculating the adjusted coefficients is that the theoretical bending 
moments are calculated for all spans loaded (dead load), and for each of the four 
cases of live load that produce maximum bending moments, that is at the middle of 
an end span (positive), at an inner support (negative), at the middle of the interior 
span (positive), and at an inner support (positive). For each case, the theoretical 
bending-moment diagram is adjusted as described in the following. For the diagram 
of maximum negative bending moments, the theoretical negative bending moments 
at the supports are reduced by 15 per cent, and the positive bending moments are 
increased accordingly. For the diagram of maximum positive bending moments in 
the spans, the theoretical negative bending moments at the supports are increased by 
15 per cent, and the positive bending moments are reduced accordingly. The diagrams 
for live load are combined to give the resultant diagrams for the theoretical bending 
moments without adjustment and with the greatest degree of adjustment. 

Moment Distribution applied to Continuous Beams. 

The bending moments at the supports of beams continuous over any number of 
equal or unequal spans, with any type of loading, and with different moments of inertia 
in each span, can be calculated directly by moment-distribution methods. The 
general principles of moment-distribution are given in Table 47, but the different sign 
convention used in Table 26 should be noted. Basic formulae for the bending moments 
at particular supports in systems of two spans and upwards are given in Table 26. 
The fundamental formula, which is that for any interior support T in four or more 
spans, is based on two distributing operations, and the results are reasonably accurate 
compared with those obtained by more tedious methods. All terms substituted in 
the tabulated formulae are positive numerical values. If the resultant sign of the 
support bending moment is negative, tension in the top edge of the beam is indicated. 
The formulae are applicable to all spans loaded, or to one or more spans only loaded. 

Two conditions of end support are allowed for, namely, complete fixity and 
nominal free support. For any other conditions, such as a beam cantilevered beyond 
the end support or continuous with an exterior column, the support moments due to 
the loaded spans are first calculated assuming free support at the end support, and an 
adjustment is made to the penultimate support bending moment (as indicated in 
Table 26) for the externally-applied bending moment at the end support. The 
c 
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externally-applied bending moment is the cantilever bending moment in the case of 
a beam extending beyond an end support. If the beam is monolithic with an interior 
column, the externally-applied bending moment can be calculated from Table 32, the 
bending moment at the end support being the externally-applied bending moment. 

The stiffness of a beam freely supported at one support and fixed at the other is 
less than that of a beam fixed at both supports. In moment-distribution operations 
it is common to allow for the difference, but in the formulae in Table 26 this difference 
has been neglected, thereby allowing the same expressions to be used for all distribution 
factors and fixed-end bending moments. Neglect of the theoretically reduced stiffness 
also makes allowance for the partial restraint which in most cases exists at nominally 
free supports and for restraint less than complete fixity at supports over which a beam 
is continuous. 

Formulae for special conditions, such as equal spans, uniform moment of inertia, 
symmetrical inequality of spans, and the like for two, three, four and five or more 
spans are given in Tables 27, 28, 29 and 30. The effects of bending moments applied 
at end supports are given in Tables 31 and 32, and the effects of splays adjacent to 
the supports of beams are given in Table 33. Explanatory notes and the method of 
using Tables 26 to 33 are given on the pages facing Tables 27, 31, 32 and 33; some 
examples are given on the pages facing Tables 28, 29 and 30. 

An example of the direct application of the principles of moment distribution 
to the calculation of the bending moments on a continuous beam, with the minimum 
use of the tables, is given on the page facing Table 30. 

Since the bending moments given by the formulae in Tables 26 to 33 are approxi- 
mate, as are in fact most calculations by moment-distribution except in the case of 
two continuous spans, the decrease of some peak moments (and the consequent increase 
of others) is not applicable. 

End Restraint. — If, as is common in column-and-beam construction, the end 
of a continuous beam is subject to a restraining moment due to monolithic construction, 
the positive and negative bending moments and shearing forces are affected throughout 
the beam, but principally in the first two spans. The bending moments resulting 
from such monolithic action can be calculated from the formulae (based on moment 
distribution) given in Table 32, and the effects of the bending moments can be cal- 
culated from the formulae in Table 31, in the upper part of which are given the compre- 
hensive, but approximate, formulae in accordance with the method of moment dis- 
tribution. In the lower part of Table 31 are given more exact expressions for equal 
spans. Coefficients are given by which the bending moments and shearing forces 
can be adjusted when a bending moment is applied at one end or at both ends of the 
beam. 


Moving Loads on Continuous Beams. 

Bending moments caused by moving loads, such as those due to vehicles traversing 
a series of continuous spans, are most easily calculated by the aid of influence lines. 
An influence line is a curve with the span of the beam as a base, the ordinates of the 
curve at any point being the value of the bending moment produced at a particular 
section of the beam when unit load acts at the point. The data given in Tables 34 to 
37 enable the influence lines for the critical sections of beams continuous over two, 
three, four, and five or more spans to be drawn. By plotting the position of the load 
on the beam (drawn to scale), the bending moments at the section being considered 
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are derived as explained in the example given on the page facing Table 34. The 
curves in the tables for equal spans are directly applicable to equal spans but the 
corresponding curves for unequal spans should be plotted from the data tabulated. 

The bending moment due to a load at any point is the ordinate of the influence 
line at that point multiplied by the product of the load and the span, the length of 
the shortest span being used when the spans are unequal. The influence lines in the 
tables are drawn for symmetrical inequality of spans. Coefficients for span-ratios 
not plotted can be interpolated. The symbols on each curve indicate the section 
of the beam and the ratio of spans to which the curve applies. 

Slabs spanning in One Direction. 

Uniformly- distributed Load. — The bending moments on slabs supported on 
two opposite sides are calculated in the same way as for beams, account being taken 
of continuity. For slabs carrying uniformly-distributed loads and continuous over 
nearly equal spans, the coefficients for dead and live load as given in Table 20 for 
slabs without splays conform to the recommendations of B.S. Code 114. Other 
coefficients, allowing for the effect of splays on the bending moments, are also tabulated. 
Spans are considered to be equal if the difference in length of adjacent spans does 
not exceed 15 per cent, of the shorter span. 

If a slab is nominally freely supported at an end support, it is advisable to provide 
resistance to a probable negative bending moment at a support with which the slab 
is monolithic. If the slab carries a uniformly-distributed load, the value of the 
negative bending moment should be assumed to be not less than &wL 2 . 

Although a slab may be designed as though spanning in one direction, it should 
also be reinforced in a direction at right-angles to the span, as described on page 268. 

Concentrated Load. — When a slab supported on two opposite sides only carries 
a load concentrated on a part only of the slab, such as a wheel load on the deck of a 
bridge, there are two principal methods of determining the bending moments. The 
first method is to assume that a certain width of the slab carries the entire load, and 
in one such method the contact area of the load is first extended by dispersion through 
the thickness of the slab as shown in Table 6, giving the dimensions of loaded area 
as v at right-angles to the span and w parallel to the span L. The width of slab 
carrying the load may be assumed to be f (L + u) 4- v. The total concentrated load 
is then divided by this width to give the load carried on a i-ft. width of slab for the 
purpose of calculating the bending moments. The width of slab assumed to carry 
a concentrated load according to the recommendations of B.S. Code No. 114 is as 
illustrated in the lower part of Table 43. 

Another method is to extend to slabs spanning in one direction the theory of 
slabs spanning in two directions. For example, the curves given in Table 41 for a slab 
infinitely long in the direction Ll can be used to evaluate directly the bending moments 
in the direction of, and at right-angles to, the span of a slab spanning in one direction 
and carrying a concentrated load; an example of this application is given on the 
page facing Table 42. 


Slabs spanning in Two Directions. 

When a slab is supported otherwise than on two opposite sides only, the precise 
amount and distribution of the load taken by each support, and consequently the 
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magnitude of the bending moments on the slab, are not easily calculated if assump- 
tions resembling practical conditions are made. Therefore approximate analyses are 
generally used. The method applicable in any particular case depends on the shape 
of the panel of slab, the condition of restraint at the supports, and the type of load. 
The principal bases of the analyses of slabs spanning in two directions are the theory 
of plates and the yield-line theory. 

Distinction must be made between the conditions of free support, fixity, partial 
restraint, and continuity, and it is essential to establish whether the comers of the 
panel are free to lift or not. Free support occurs rarely in practice, since in ordinary 
reinforced concrete beam-and-slab construction, the slab is monolithic with the beams 
and is thereby partially restrained and is not free to lift at the comers. The condition 
of being freely supported may occur when the slab is not continuous and the edge 
bears on a brick wall or on un-encased structural steelwork. If the edge of the slab 
is built into a substantial brick or masonry wall, or is monolithic with concrete encasing 
steelwork or with a reinforced concrete beam or wall, partial restraint exists. Restraint 
is allowed for when computing the bending moments on the slab but the supports 
must be able to resist the torsional and other effects induced therein; the slab must 
be reinforced to resist the negative bending moment produced by the restraint. Since 
a panel of slab freely supported along all edges but with the comers held down is 
uncommon (because corner restraint is generally due to edge-fixing moments), bending 
moments for this case are of interest mainly for their value in obtaining coefficients 
for other cases of fixity along or continuity over one or more edges. A slab can be 
considered as fixed along an edge if there is no change in the slope of the slab at the 
support irrespective of the incidence of the load. This condition is assured if the 
polar moment of inertia of the beam or other support is very large. Continuity over 
a support generally implies a condition of restraint less rigid than fixity, that is the 
slope of the slab at the support depends upon the load not only on the panel under 
consideration but on adjacent panels. 

Rectangular Panel with Uniformly- distributed Load.— Empirical formulae 
and approximate theories have been put forward for calculating the bending moments 
in the common case of a rectangular panel of slab supported along four edges (and 
therefore spanning in two directions mutually at right-angles) and carrying a uniformly- 
distributed load. The bending moments depend on the ratio of the length of the 
sides of the panel. The “ exact ” theory of the bending of plates spanning in two 
directions was established by Lagrange and Navier in the nineteenth century. 
Pigeaud and others later completed the analysis of panels freely supported along all 
four edges. Because most theoretical expressions are complex, curves or close arith- 
metical approximations are generally adopted in practice. Westergaard has combined 
theory with the results of tests and his work is the basis of the bending-moment 
coefficients which are recommended in B.S. No. 114 and which are represented by 
the curves in Table 39; these curves apply to freely-supported panels and to panels 
where there is continuity on one or more sides. 

The simplified analysis of Grashof and Rankine can be applied when the corners 
of a panel are not held down; the bending-moment coefficients are given in Table 38 
and the basic formulae are given on the page facing the table. If corner restraint is 
provided, coefficients based on more exact analyses should be applied ; such coefficients 
for a panel freely supported along four sides are given in Table 38. It has been shown 
by Marcus that for panels, the comers of which are held down, the midspan bending 



BENDING MOMENTS AND FORCES 


3i 


moments obtained by the Grashof-and-Rankine method can be converted to approxi- 
mately those obtained by more exact theory by multiplying by a simple factor, and 
this method is applicable not only for conditions of free support along all four 
edges but for all combinations of fixity on one to four sides with free support 
along the other edges; the bending moments at the supports are calculated by an 
extension of the Grashof-and-Rankine method but without the adjusting factors. 
The Marcus factors for a panel fixed along four edges are given in Table 38 and 
these and the Grashof-and-Rankine coefficients are substituted in the formulae, given 
in the table to obtain the midspan bending moments and the bending moments at 
the supports. 

If the corners of a panel are held down, reinforcement should be provided to 
resist the tensile stresses due to the torsional strains. The amount and position of 
the reinforcement required for this purpose, as recommended in B.S. Code No. 114, 
are given in Table 38. No reinforcement is required at a corner formed by two intersect- 
ing supports if the slab is monolithic with the supports. 

At a discontinuous edge of a slab monolithic with its support, resistance to 
negative bending moment must be provided, and the expressions given in the centre 
of Table 38 give the magnitude, in accordance with the B.S. Code No. 114, of this 
bending moment, which is resisted by reinforcement at right-angles to the support. 
The Code also recommends that no reinforcement is required in a narrow strip of 
slab parallel and adjacent to each support; particulars of this recommendation are 
also given in Table 38, the coefficients for use in which are taken from Table 39. 

Examples of the use of Tables 38 and 39 are given on the page facing Table 39. 

If a panel is truly freely supported along one or more edges, the approximate 
method described on the page facing Table 41 may be applied; this is based on the 
use of the basic coefficients given in Table 38. 

The shearing forces on rectangular panels spanning in two directions and carrying 
a uniformly-distributed load are considered briefly on the page facing Table 39. 

Rectangular Panels with Triangularly- distributed Loads.— In the design 
of rectangular tanks, storage bunkers and some retaining structures, cases occur of 
walls spanning in two directions and subjected to triangularly-distributed pressures. 
The intensity of pressure is uniform at any given level, but vertically the pressure 
varies from zero near the top to a maximum at the bottom. If there is a support 
along the top edge of the panels, the probable maximum bending moments on vertical 
and horizontal strips of unit width are given by the coefficient and expressions in the 
lower half of Table 40. For fixity along the top, the curves are derived from basic 
data given by Timoshenko for the exact theory of plates with Poisson’s ratio equal 
to 0-3. For free support along the top, the curves are interpolated from the basic 
data. The approximate positions of the maximum bending moments are also indicated. 
If there is no support along the top of the panel, the bending moment can be determined 
from the curves in the upper half of Table 40; these curves are based on an analysis 
by Buchi. 

If Poisson's ratio is assumed to be less than 0-3 the bending moments would be 
slightly less, but the effect of comer splays, which is to increase slightly the negative 
bending moments, is ignored. In deriving the curves for positive bending moments 
it has been assumed that only two-thirds full fixity exists at edges over which the 
slab is continuous. Further comments on the curves and data and an example are 
given on the page facing Table 40. 



32 


REINFORCED CONCRETE DESIGNER’S HANDBOOK 


Beams supporting Rectangular Panels. 

When designing the beams supporting a panel freely supported along all four 
edges or with the same degree of fixity along all four edges, it is generally accepted 
that each of the beams along the shorter edges of the panel carries the load on an 
area having the shape of a 45-deg. isosceles triangle with a base equal to the length 
of the shorter side, that is each beam carries a triangularly-distributed load; 
half t^be remaining load, that is the load on a trapezium, is carried on each of the 
beams along the longer edges. In the case of a square panel, each beam carries 
one-quarter of the total load on the panel, the load on each beam being distributed 
triangularly. The diagram and expressions in the top left-hand comer of Table 41 
give the amount of load carried by each beam. Bending-moment coefficients for 
beams subjected to triangular and trapezoidal loading are given in Tables 16, 17, 
and 17A. The formulae for equivalent uniformly-distributed loads given on the page 
facing Table 41 apply only to the case of the span of the beam being equal to the 
width or length of the panel. 

An alternative method is to divide the load between the beams along the shorter 
and longer sides in proportion to Kb and Kl {Table 38) respectively. Thus the load 
transferred to each beam along the shorter edges is i K lwLbLl , triangularly distri- 
buted, and to each beam along the longer edges is \KbwLbLl, trapezoidally dis- 
tributed. For square panels the loads on the beams by both methods are identical. 

When the panel is fixed or continuous along one, two, or three supports and 
freely supported on the remaining edges, the subdivision of the load to the various 
supporting beams can be determined from the diagrams and expressions on the left- 
hand side of Table 41. Alternatively the loads can be calculated approximately as 
follows. For the appropriate value of the ratio K e of the equivalent spans (see page 
facing Table 41), determine the corresponding values of Kb and K l from Table 38. 
Then the load transferred to each beam parallel to the longer equivalent span is 
\KbwLbLb and to each beam parallel to the shorter equivalent span is \ KjjuuLbLl . 
Triangular distribution can be assumed in both cases, although this is a little conserva- 
tive for the load on the beams parallel to the longer actual span. For a span freely 
supported at one end and fixed at the other, the foregoing loads should be reduced 
by about 20 per cent, for the beam along the freely-supported edge and the amount 
of the reduction added to the load on the beam along the fixed or continuous edge. 

If the panel is unsupported along one edge or two adjacent edges, the loads on 
the beams supporting the remaining edges are as given on the right-hand side of 
Table 41. 


Rectangular Panels with Concentrated Load. 

The curves in Table 42, based on M. Pigeaud’s theory, can be used directly for 
calculating the bending moment on a panel freely supported along all four edges with 
restrained corners and carrying a load uniformly distributed over a defined area 
symmetrically disposed upon the panel. Wheel loads and similarly highly-concen- 
trated loads are dispersed through the road finish (if any) down to the surface of the 
slab, or farther down to the reinforcement, as shown in Table 6, to give the dimen- 

u v 

sions u and v and thence the ratios and for which the bending moments m x 
and m t for unit load are read off the curves for the appropriate value of the ratio 
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of spans k. For a total load of W on the area u by v, the bending moments in 
ft. -lb. per foot width of slab are given by the expressions in Table 42, in which the 
value of Poisson’s ratio is assumed to be 0-15. The positive bending moments 
calculated from Table 42 for the case of a uniformly-distributed load over the whole 
panel (that is u — v — unity) do not coincide with the bending moments based on 
the corresponding coefficients K'b and K'l given in Table 38 unless Poisson’s ratio 
is assumed to be zero, as is commonly recommended. 

The curves m Table 42 are drawn for k = i*o, 1-25, V 2 (1*4 approximately), 
1*67, 2-o, 2*5, and infinity. For intermediate values of k, the values of m x and m % 
can be interpolated from the values above and below the given value of k. The 
curves for k = i*o apply to a square panel. 

The curves for k — oc apply to a panel of great length (L£) compared with the 
short span (Lb) and can be used for determining the transverse (main reinforcement) 
and longitudinal (distribution reinforcement) bending moments on a long narrow 
panel supported on the two long edges only. Alternatively the data at the bottom 
of Table 43 can be applied to this case which is really a special extreme case of 
a rectangular panel spanning in two directions and subjected to a concentrated 
load. 

When there are two concentrated loads symmetrically disposed or an eccentric 
load, the resulting bending moments can be calculated from the rules given for the 
various cases in Table 43. Other conditions of loading, for example, multiple loads 
the dispersion areas of which overlap, can generally be treated by combinations of 
the particular cases considered. Case I is an ordinary symmetrically-disposed load. 
Case VI is the general case for a load in any position, from which the remaining cases 
are derived by simplification. 

The bending moments derived directly from Table 42 are those at midspan of 
panels freely supported along all four edges but with restraint at the corners. If 
the panel is fixed or continuous along all four edges, M. Pigeaud recommends that the 
midspan bending moments are reduced by 20 per cent. The estimation of the bending 
moment at the support and midspan sections of panels with various sequences of 
continuity and free support along the edges can be dealt with by applying the following 
rules, which possibly give conservative results when incorporating Poisson's ratio 
equal to 0-15; they are applicable to the common conditions of continuity with 
adjacent panels over one or more supports, and monolithic construction with the 
supports along the remaining edges. Find m x and m % from the curves in Table 42 for 

the appropriate value of k e — f x j~, where f x is obtained from Table 43. For similar 

conditions of support on all four sides, that is Cases (a) and (j), or for a symmetrical 

L b 

sequence as in Case (/), f x — i-o; therefore the actual value of is used in these 

cases. If in Cases (b), (d), and (h) the value of f x is less than unity, Ll and Lb 

(and consequently w and v) should be transposed throughout the calculation of m x 
and m % . Having found the bending moments in each direction with the adjusted 

values of the bending-moment reduction factors for continuity given in Table 43 
Lb 

are applied to give the bending moments for the purpose of design. 

Examples of the use of Tables 42 and 43 are given on the pages facing Tables 42, 
43 and 44. 
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The maximum shearing forces Q per unit length on a panel carrying a concen- 
trated load are given by M. Pigeaud as follows: 

u > v . — At the centre of length u, 
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To determine the load on the supporting beams, the rules given for a uniformly- 
distributed load over the entire panel are sufficiently accurate for a load concentrated 
at the centre of the panel, but this is not always the critical case for live loads, such 
as a load imposed by a wheel on a bridge deck, since the maximum load on a beam 
occurs when the wheel is passing over the beam, in which case the beam carries the 
whole load. 


Non-rectangular Panels. 

When a panel which is not rectangular is supported along all its edges and is of 
such proportions that main reinforcement in two directions seems desirable, the 
bending moments can be determined approximately by the rules given in Table 44, 
which apply to a trapezoidal panel approximately symmetrical about one axis, to 
a panel which in plan is an isosceles triangle (or very nearly so), and to panels which 
are regular polygons or are circular. The case of a triangular panel continuous or 
partially restrained along three edges occurs in pyramidal hopper bottoms ( Table 99) ; 
the reinforcement calculated by the expressions for this case should extend over the 
entire area of the panel, and provision must be made for the negative moments and 
for the direct tensions which act simultaneously with the bending moments. 

If the shape of a panel approximates to a square, the bending moments for a square 
slab of the same area should be determined. A slab having the shape of a regular 
polygon with five or more sides can be treated as a circular slab the diameter of which 
is the mean of the diameters of the inscribed and circumscribed circles; the mean 
diameters for regular hexagons and octagons are given in Table 44. 

For a panel which is circular in plan and is freely supported along the circum- 
ference and carries a load concentrated symmetrically about the centre on a circular 
area, the total bending moment which should be provided for across each of two 
diameters mutually at right-angles is given by the expression in Table 44. If the 
panel is restrained around the circumference, the positive bending moment can be 
reduced to about two-thirds of this value if the load approximates to a “ point ” 
load, or to 80 per cent, if the load covers practically the entire panel. The negative 
bending moment provided for around the edge should be not less than one-third of 
the “ free” positive bending moment. The foregoing are the bases of the corresponding 
expressions in Table 44. If the degree of restraint is equivalent to complete fixity, 
the average and maximum positive bending moment can be reduced to two-thirds 
or less of the “ free ” positive bendmg moment if the load covers a considerable area 
of the entire panel, but the negative bending moment provided for should be not less 
than two-thirds of the " free ” positive bending moment. 

If the load covers the entire panel, the bending moments provided for should be 
not less than those given by the expressions given at the bottom of Table 44. The 
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data for the various conditions are based on the following analysis. The total positive 
bending moment across a diameter of a freely-supported panel of diameter D ft., 

wD* 

carrying a uniformly-distributed load of intensity w lb. per square foot, is ft. -lb. 

24 

wD 2 

Therefore the average positive bending moment is ft. -lb. per foot of diameter. 

2 4 

The positive bending moment, however, varies from zero at the extremities of the 
diameter to a maximum at the centre of the panel, where it may be, say, one-and-a-half 
times the average bending moment. If the panel is partially restrained arcTufcd the 
edges, the average and maximum positive bending moments may be reduced to about 
80 per cent, of the corresponding “ free ” positive bending moment, but provision 
should be made for a negative bending moment around the edge of not less than 
one-third of the average “ free ” bending moment. If the panel is completely fixed 
around the edge, the average and maximum positive bending moments should be not 
less than one-third of the corresponding “ free ” positive bending moments, and the 
negative bending moment provided for around the circumference should be not less 
than two-thirds of the average “ free ” positive bending moment. 

A circular panel can therefore be designed by one of the following methods. 
(1) Design for the maximum positive bending moment at the centre of the panel and 
reduce the amount of reinforcement or the thickness of the slab towards the circum- 
ference; if the panel is not truly freely supported, provide for the negative bending 
moment acting around the circumference. (11) Design for the average positive bending 
moment across a diameter and retain the same thickness of slab and amount of 
reinforcement throughout the entire panel; if the panel is not truly freely supported 
around the circumference, provide for the appropriate negative bending moment. 

The reinforcement required for the positive bending moments in both the preceding 
methods must be provided in two directions mutually at right-angles; the reinforce- 
ment for the negative bending moment should be provided by radial bars normal 
to, and equally spaced around, the circumference, or reinforcement equivalent thereto 
should be provided. 


Flat Slabs. 

The design of flat slabs, that is beamless slabs or mushroom floors, is based 
primarily on empirical considerations. The principles which follow and the data 
summarised in Table 45 and on the page facing the table are in accordance with the 
empirical method described in B.S. Code No. 114. This type of floor can incorporate 
drop-panels at the columns or the slab can be of uniform thickness throughout. The 
tops of the columns may be plain or may be provided with a splayed head having the 
dimensions indicated in Table 45. 

The lengths (or widths) of adjacent panels should not differ by more than 10 per 
cent, of the greater length (or width). The ratio of the longer to the shorter dimension 
of a panel which is not square should not exceed i£. The length of the drop in any 
direction should be not less than one-third of the length of the panel in the same 
direction. 

For the purpose of determining the bending moments, the panel is divided into 
“ middle strips " and “ column strips " as shown in the diagram on the page facing 
Table 45, the width of each strip being half the length or width of the panel. If 
drop-panels of less width than half the panel length or width are provided, the width 
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of the column strip can be reduced to the width of the drop-panel and the middle 
strip increased accordingly. 

The thicknesses of the slab and the drop-panels must be sufficient to provide 
resistance to the shearing forces and bending moments, but should be not less than 
5 in. nor less than the thickness conforming to the span-thickness ratios on the page 
facing Table 45. 

Bending Moments. — For the calculation of the bending moments, the effective 
spans are L x — f D and L t — JjD, where L x and L 2 are the shorter and longer dimensions 
respectively of the panel and D is the diameter of the column or column-head if one 
is provided. The total bending moments to be provided for at the principal sections 
of the panel are given in Table 45 and are functions of the effective spans. 

Walls and other concentrated loads must be carried on beams, and beams should 
be provided around openings other than small holes; the Code recommends limiting 
sizes of openings permissible in the column strips and middle strips. 

Reinforcement. — It is generally most convenient for the reinforcement to be 
arranged in bands in two directions, one parallel to each of the spans L x and L 2 . 
Alternatively the bars should be arranged in two bands parallel to the spans and two 
diagonal bands, but this method produces congestion of reinforcement in relatively 
thin slabs. 

With two-way reinforcement, 40 per cent, of the bars in the positive-moment 
reinforcement should remain in the bottom of the slab and extend at least over a length 
at the middle of the span equal to three-quarters of the span. No reduction of the 
positive-moment reinforcement should be made within a length of 0-5 L at the middle 
of the span. No reduction of the negative-moment reinforcement should be made 
within a distance of 0-2 L from the centre of the support. The negative-moment 
reinforcement should extend into the adjacent panel for an average distance of 0 2 $L; 
if the ends of the bars are staggered the shortest should extend for a distance of 0*2 L. 
The amount of reinforcement in any section should not exceed 1 per cent, of the 
product of the width of the section and the effective depth. 

Shearing Force. — The shearing stresses, which should not exceed the values 
given in Table 57 for conditions when no shearing reinforcement is provided, should 
be investigated at two sections, namely, around the edge of the drop and around 
the head of the column. For the latter the critical plane for shearing resistance is 
at a distance equal to half the total thickness of the slab, or drop, from the edge of 
the column-head as shown in the diagrams in Table 45. 

Alternative Analysis. — A less empirical method of analysing flat slabs is 
described in B.S. Code No. 114, and is applicable to cases not covered by the foregoing 
rules. The bending moments and shearing forces are calculated by assuming the 
structure to comprise continuous frames, transversely and longitudinally. 

Framed Structures. 

A structure is statically determinate if the forces and bending moments can be 
determined by the direct application of the principles of statics. A cantilever, whether 
a simple bracket or the roof of a grandstand, a freely-supported beam, a truss with 
pin-joints, a three-hinged arch or frame, are some examples. A statically-indeter- 
minate structure is one in which there is a redundancy of members or supports or 
both, and which can only be analysed by considering the elastic deformation under 
load. Restrained beams, continuous beams, portal frames, and other non-triangulated 
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structures with rigid joints, and two-hinged and fixed-end arches, are examples of 
statically-indeterminate structures, which can be analysed by the application of 
one or other of several methods, which include slope-deflection, column analogy, 
moment distribution, the theorem of least work, and, of more recent development, 
the displacement method and the ultimate-load method ; reference should be made to 
books dealing fully with each of these methods. Most designers find that one method 
seems more simple to them than others, and it is therefore generally better for each 
designer to use the method he prefers ; the same results should be obtained irrespective 
of the method used. 

In this section the analysis of primary frames by the methods of slope-deflection 
and moment-distribution is described. Most analyses of complex rigid frames require 
an amount of calculation often out of proportion to the real accuracy of the results, 
and some approximate solutions are therefore given for common cases of building 
frames and similar structures. 

Slope -deflection. — The principles of the slope-deflection method of analysing 
a restrained member are given m Table 46, and on the page facing the table, in which 
also are given the basic formulas and the formulae for the bending moments in special 
cases. 

When there is no deflection of one end of the member relative to the other (for 
example, when supports which are not elastic are assumed), and when the ends of the 
member are either hinged or fixed, and when the load is symmetrically disposed, 
the general expressions are simplified and the resulting formulae for the more common 
cases of restrained members are given in Table 46. 

The bending moments on a framed structure are determined by applying the 
formulae to each member successively. The algebraic sum of the bending moments 
at any joint equals zero. When it is assumed that there is no deflection (or settlement) 
d of one support relative to the other, there are as many formulae for the restraint 
moments as there are unknowns, and therefore the restraint moments and the slopes 
at the ends of the members can be evaluated. For symmetrical frames on unyielding 
foundations and carrying symmetrical vertical loads it is common to neglect the 
change in the position of the joints due to the small elastic contractions of the members, 
and the assumption of d — o is reasonably accurate. If the foundations or other 
supports settle unequally under the load, this assumption is not justified and a value 
must be assigned to the term d for the members affected. 

If a symmetrical or unsymmetrical frame is subjected to a horizontal force the 
sway produced involves lateral movement of the joints It is common in this case 
to assume that there is no elastic shortening of the member. Sufficient formulae to 
enable the additional unknowns to be evaluated are obtained by equating the reaction 
normal to the member, that is the shearing force on the member, to the rate of change 
of bending moment. Sway cannot be neglected when considering unsymmetrical frames 
subject to vertical loads, or any frame on which the load is unsymmetrically disposed. 

An example of the application of the slope-deflection formulae to a simple problem 
is given on the page opposite Table 46. 

Shearing Forces on Members of a Frame. — The shearing forces on any 
member forming part of a frame can be determined when the bending moments have 
been found by considering the rate of change of the bending moment. The uniform 

shearing force on a member AB due to end restraint only is — 1 account 
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being taken of the signs of the bending moments. Thus if both restraint moments 
are clockwise, the shearing force is the numerical sum of the moments divided by 
the length of the member. If one restraint moment acts in a direction contrary to 
the other, the numerical difference is divided by the length to give the shearing force. 
For a member with end B hinged, the shearing force due to the restraint moment 

at A is The variable shearing forces due to the loads on the member should 

be algebraically added to the uniform shearing force due to the restraint moments, 
in a ihanner similar to that shown for continuous beams in Table 20. 

Portal Frames — A common type of simple frame used in buildings is the 
portal frame with either a horizontal top member or two inclined top members meeting 
at the ridge. In Table 49, general formulae for the bending moments at both ends 
of the columns, and at the ridge m the case of frames of that type, are given together 
with expressions for the forces at the bases of the columns. The formulae relate to 
any vertical or horizontal load and to frames fixed or hinged at the base of the columns. 
In Table 50 are given the corresponding formulae for special conditions of loading on 
frames of one bay. 

Frames of the foregoing types are statically indeterminate, but a frame with 
a hinge at the base of each column and one at the ridge, that is a three-hinged frame, 
can be readily analysed. Formulae for the forces and bending moments are given 
in Table 48 for three-hinged frames. Approximate expressions are also given for 
certain modified forms of these frames, such as when the ends of the columns are 
embedded in the foundations and when a tie-rod is provided at eaves level. 

Method of Moment- distribution. — The analysis of frames by moment- 
distribution methods is described, with an example, in Table 47. Similar principles 
are applied to the solution of continuous beams in Tables 26 et seq., but the different 
convention of signs adopted in the two cases should be noted. 

Bending of Columns. 

External Columns. — Provision should be made for the bending moments pro- 
duced on the columns due to the rigidity of the joints in monolithic beam-and-column 
construction of buildings. 

The external columns of a building are subjected to a greater bending moment 
than the internal columns (other conditions being equal), the magnitude of the bending 
moment depending on the relative stiffness of the column and beam and on the end 
conditions of the members. The two principal cases for exterior columns are when 
the beam is supported on the top of the column, as in a top story, and when the beam 
is fixed to the column at an intermediate point, as in intermediate stories. The 
second case is shown in the diagrams in Table 46. Since either end of the column or 
the end of the beam remote from the column can be hinged, fixed, or partially 
restrained, there are many possible combinations. 

For the first case the maximum reverse moment at the junction of the beam 
and column occurs when the far end of the beam is hinged and the foot of the column 
is fixed. The minimum reverse moment at the junction occurs when the beam is 
rigidly fixed at the far end and the column is hinged at the foot. Conditions in practice 
generally lie between these extremes, and with any condition of fixity of the foot of 
the column the bending moment at the junction decreases as the degree of fixity at 
the far end of the beam increases. With any degree of fixity at the far end of the 
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beam the bending moment at the junction increases very slightly as the degree of 
fixity at the foot of the column increases. 

The maximum reverse moment on the beam at the junction with the column in 
the second case occurs when the beam is hinged at the far end and the column is 
perfectly fixed at the top and the bottom as indicated in Table 46. With perfect 
fixity at the far end of the beam and hinges at the top and bottom of the column, as 
also shown in Table 46, the reverse moment on the beam at the junction is a minimum. 
Intermediate cases of fixity follow the following rules: increase in fixity at thp end 
of the beam decreases the bending moment at the junction; decrease in fixity at either 
the top or the bottom of the column decreases the bending moment at the junction, 
and vice versa. 

Formulae for the maximum and minimum bending moments are given in Table 46 
for a number of frames of a single bay. The bending moment on the beam at the 
junction is divided between the upper and lower columns in the ratio of their stiffness 
factors K when conditions at the ends of the two columns are identical. When the 
end of one column is hinged and the other fixed, the ratio of the bending moments 
allocated to each column is in accordance with the expression 

Bending moment on hinged portion _ for hinged portion 

Bending moment on fixed portion K for fixed portion 

External Columns in Building Frames— For the framework of ordinary 
buildings the bending moments on the external columns can be computed from the 
formulae given in the lower part of Table 46. These expressions, which conform to 
those recommended in the B.S. Code, are only approximate as lack of uniformity in 
the end conditions of the beams or columns are neglected, but the formulae are suitable 
for use in the design of ordinary buildings. 

When there is no upper column (that is when the structure is only one story high 
or when the top story is being considered), the stiffness factor Kd is equal to zero. 

Corner Columns.— A column at an external corner of a building is generally 
subjected to bending moments from beams in two directions at right-angles. These 
bending moments can be calculated by considering two frames (also at right-angles) 
independently, but practical methods of computing the stresses depend upon the 
relative magnitude of the bending moments and the direct load (see page 86). 

Internal Columns.— There is less variation in the bending moments due to 
continuity between the beams and the internal columns of a building than is the case 
with external columns. End-fixing conditions of the various members do not affect 
the bending moments so seriously, and the bending moment on a beam at the junction 
with a column is less than the bending moment at the support when computed by, 
say, the Theorem of Three Moments neglecting fixity with the column. In Table 46 
expressions are given for the bending moments in the upper and lower internal columns. 

In this case the value of when the spans are equal, should be for the live load only 

on one of the adjacent spans of the beam. When the spans are unequal, the greatest 
bending moments on the column occur when the value of M es (see Table 46) is greatest, 
which is generally when the longer beam is loaded with live and dead load while the 
shorter beam is loaded with dead load only. 

Approximate Methods.— The methods hitherto described for evaluating the 
bending moments in column-and-beam construction with rigid joints involve a fair 
amount of calculation, including that of the moments of inertia of the members. In 
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practice, and especially in the preparation of preliminary schemes, time is not always 
available to make these calculations, and therefore approximate methods are of 
value. Designs should be checked by more accurate methods. 

For large columns and light beams, the effect on the column of the load on the 
beam is not great, and in such cases the difference between the permissible compressive 
stress for direct compression and for bending combined with direct compression (see 
Table 57) is generally sufficient to enable the preliminary design of the column to 
be based on the direct load only. Where the effect of the beam on the column is 
likely to be considerable, and in order to allow a margin for the bending stresses in the 
column, the column can be designed provisionally for the direct load increased, to 
allow for the effects of bending, by the amounts shown on the page facing Table 51 
for the particular arrangement of beams supported by the column. 

Bending Moments due to Wind. 

In exposed structures such as water towers, bunkers and silos, and the frames of 
tall narrow buildings, the columns must be designed to resist the effects of wind. 
When conditions do not warrant a close analysis of the bending moments to which 
a frame is subjected due to wind or other horizontal forces, the methods described in 
the following and illustrated in Table 51 are sufficiently accurate. 

Braced Columns. — For braced columns (of the same cross-section) forming an 
open tower such as that supporting an elevated water tower, the expressions at (a) in 
Table 51 give the bending moments and shearing forces on the columns and braces 
due to the effect of a horizontal force at the head of the columns. The increase or 
decrease of direct load on the columns is also given. 

In general, the bending moment on the column is the shearing force on the column 
multiplied by half the distance between the braces. If a column is not continuous 
or is insufficiently braced at one end, as at unconnected foundations, the bending 
moment has twice this value. 

The bending moment on the brace at an external column is the sum of the bending 
moments on the columns at the intersection with the brace. The shearing force on 
the brace is equal to the change of bending moment from one end of the brace to the 
other divided by the length of the brace. These shearing forces and bending moments 
are additional to those created by the dead weight of the brace and any external loads 
to which it may be subjected. 

The overturning moment on the frame causes an additional direct load on the 
leeward column and a corresponding relief of load on the windward column, the 
maximum value of this direct load being approached at the foot of the column and 
being equal to the overturning moment divided by the distance between the centres 
of the columns. 

The expressions in Table 51 for the effects on the columns and for the bending 
moments on the braces apply whether the columns are vertical or at a slight inclina- 
tion. If the columns are inclined, the shearing force on a brace is 2 M b divided by the 
length of the brace being considered. 

Columns supporting Massive Superstructures.— The case illustrated at (b) 
in Table 51 is common in bunkers and silos where a superstructure of considerable 
rigidity is carried on comparatively short columns. If the columns are fixed at the 

Ph 

base, the bending moment on a single column is where N is the number of columns 
if they are all of the same size; the signification of the other symbols is given in Table 51. 
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If the columns are of different sizes, since each column is deflected the same 
amount, the total shearing force should be divided among the columns in any one 
line in proportion to their separate moments of inertia. If N x is the number of 
columns with moment of inertia / lf N % the number of columns with moment of inertia 
J t , etc., the total moment of inertia is N 1 T 1 -f N t I t -f etc. = Z 1 . On any column 

Phi 

having a moment of inertia the bending moment is as g* ven i n diagram ( b ) 
in Table 51. Alternatively, the total horizontal shearing force can be divide^ among 
the columns in the ratio of their cross-sectional areas (thus giving uniform shearing 
stress) and with this method the formula for the bending moment on any column 

PhA 

with cross-sectional area A n is ~ - ^ n , where ZA is the sum of the cross-sectional areas 

of all the columns resisting the total shearing force P. 

Building Frames. — In the frame of a multiple-story building, the effect of the 
wind may be small compared with that of other loads, and in this case it is sufficiently 
accurate to divide the horizontal shearing force on the basis that an external column 
resists half the shearing force on an internal column. If N t is the total number of 
columns in one frame, in the plane of the lateral force P, the effective number of 
columns is Nt — 1 for the purpose of calculating the bending moment on an interior 
column, the two external columns being equivalent to one internal column; see diagram 
(c) in Table 51. In a building frame subjected to wind pressure, the pressure on each 
panel (or story height) P v P 2 , P 3 , etc., is generally divided into equal shearing forces 
at the head and base of each story-height of columns. The shearing force at the base 

(zp + v ) 

of any interior column, n stories from the top, is —prz where 

[Nt — 1 ) 

ZP = P x + P 2 + P s -f . . . -f Pn-i' 

The bending moment is the shearing force multiplied by half the story-height. 

A bending moment and a corresponding shearing force are caused on the floor 
beams in the same way as on the braces of an open tower. At an internal column 
the sum of the bending moments on the two beams meeting at the column is equal 
to the sum of the bending moments at the base of the upper column and at the head 
of the lower column. 

Earthquake-resistant Structures. 

Opinions may differ on whether structures to withstand the disruptive forces of 
earth tremors and quakes should be designed as rigid or flexible or semi-flexible, but, 
generally, a rigid construction seems to be favoured. The effect of an earth tremor 
is equivalent to a horizontal thrust additional to the loads and wind pressures for 
which the building is commonly designed. There are codes for earthquake-resistant 
construction in several countries, and recent codes seem more complex than earlier 
requirements. The most simple consideration is as follows. 

The dead and live loads should be increased by 20 per cent, to allow for vertical 
movement. The magnitude of the horizontal thrust depends on the acceleration of 
the earth tremor, which may vary from less than 3 ft. per second per second in firm 
compact ground to over 12 ft. per second per second in alluvial soil and filling. A 
horizontal thrust equal to about one-tenth of the mass of the building seems to be 
sufficient for all but major shocks when the building does not exceed 20 ft. in height, 
and equal to one-eighth of the mass when the building is of greater height. The 
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horizontal shearing force on the building at any level is one-eighth (or one-tenth) of 
the total weight of the structure (including live loads) above this level. The analysis 
of the bending moments and shearing forces on the columns and floor beams is similar 
to that described for wind pressure on building frames in Table 51. 

In order that the structure shall act as a unit, all parts should be effectively 
bonded together. A Panel walls, finishes, and ornaments should be permanently 
attached to the frame, so- that in the event of a shock they will not collapse inde- 
pendently of the main structure. Separate column footings should be connected by 
ties designed to take a thrust or a pull of one-tenth of the load on the heavier of the 
two footings connected. 

Properties of Members of a Frame. 

End Conditions. — Since the results given by the more precise methods of frame 
analysis vary considerably with different degrees of restraint at the ends of the 
members, it is essential that the end conditions assumed should be reasonably obtained 
m the actual construction. Absolute fixity is difficult to attain unless the beam or 
column is embedded monolithically in a comparatively large mass of concrete. Embed- 
ment in a brick or masonry wall represents more nearly the condition of a hinge, and 
should be considered as such. The ordinary type of separate foundation, designed 
only for the limiting uniform ground pressure under the direct load on a column, 
should also be considered as a hinge at the foot of the column. A continuous beam 
supported on a beam or column is only partly restrained, and where the outer end of 
an end span is supported on a beam a hinge should be assumed. A column built on 
a pile-cap supported by two, three, or four piles is not absolutely fixed but a bending 
moment can be developed if the resulting vertical reaction (upwards and downwards) 
and the horizontal thrust can be taken on the piles. A column can be considered as 
fixed if it is built on a thick raft and the necessary restraint can be developed in 
the raft. 

In two-hinged and three-hinged arches, hinged frames, and some types of girder 
bridges, where the assumption of a hinged joint must be fully realised, it is necessary 
to form a definite hinge in the construction. This can be done by inserting a steel 
hinge (or similar), or by forming a hinge within the frame. Some types of hinged 
joints are illustrated in Table 94. 

Moments of Inertia of Reinforced Concrete Members. — The moment of 
inertia of a reinforced concrete member is theoretically the equivalent moment of 
inertia of the stressed section about the neutral plane expressed in equivalent units 
of concrete or of steel. The concrete in tension is neglected (unless the tensile stress 
is limited as in the design of liquid containers); the reinforcement is considered as 
being equivalent in concrete units to its area multiplied by the modular ratio (see 
page 238). Until the cross-section of the member has been determined, or assumed, 
the calculation of the moment of inertia cannot be made with any precision. More- 
over, the moment of inertia of an ordinary beam calculated on this basis changes 
considerably throughout its length, especially with a continuous or restrained beam 
in beam-and-slab construction which acts as a tee-beam at midspan but is designed as 
a rectangular beam towards the ends where reverse bending moments occur. Con- 
sideration should be given to whether the probable tensile stresses are sufficiently 
great to cause cracking, particularly with tee-beams and ell-beams if the flanges are 
in tension; although the beam may be designed on the assumption that the concrete 
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has cracked and that the reinforcement resists all the tension due to bending, cracking 
may not take place owing to the comparatively large area of concrete in the flange. 

Since early comparisons of moments of inertia are required in the design of frames, 
the errors due to approximations are of little importance. It is, however, important 
that the method of assessing the moment of inertia should be the same for all members 
in a single calculation. It is generally sufficient to compare the moments of inertia 
of the whole concrete areas alone for members that have somewhat similar percentages 
of reinforcement. Thus the ratio of the moments of inertia of a rectangular •column 

and a rectangular beam is b c and d c are the breadth and width of the column, 

and b and d are the breadth and depth of the beam. 

In Table 64 are given values of the moments of inertia for square, rectangular, 
octagonal, and some other non-rectangular sections, together with factors and formulae 
for determining the moment of inertia of tee-beams, for which the breadth of the 
flange assumed for the purpose of calculating the moment of inertia should not exceed 
the maximum permissible width given in Table 69. The particulars in Table 64 
exclude the effect of the reinforcement, but the data in Tables 65 and 65 a for some 
regular cross-sections take the reinforcement into account. 

Alternative methods of assessing the ratio of the moments of inertia of two 
members are given in the examples on the page opposite Table 51, which show that 
approximate methods readily give comparative values that are accurate enough not 
only for trial calculations but for final designs. The two methods described are 
recommended in the B.S. Code. 


Arches. 

Arch construction in reinforced concrete occurs mainly in bridges and sometimes 
in roofs. The principal types of symmetrical concrete arch bridges are shown in 
Table 93. An arch may be either a three-hinge arch, a two-hinge arch or a fixed- 
end arch (see the diagrams in Table 52), and may be symmetrical or unsymmetrical, 
right or skew, or a single arch or one of a series of arches mutually dependent upon 
each other. The following consideration is restricted to symmetrical and unsym- 
metrical three-hinge arches and symmetrical two-hinge and fixed-end arches; reference 
should be made to other publications for information on more complex types. Arch 
construction may comprise an arch slab (or vault) or a series of parallel arch ribs. 
The deck of an arch bridge may be supported by columns or transverse walls carried 
on an arch slab or ribs, in which case the structure may have open spandrels; or the 
deck may be below the crown of the arch either at the level of the springings (as in 
a bow-string girder) or at some intermediate level. A bow-string girder is generally 
considered to be a two-hinge arch with the horizontal component of the thrusts 
resisted by a tie which generally forms part of the deck. If earth filling is provided 
to support the deck, an arch slab and spandrel walls are required and the bridge is 
a closed or solid spandrel structure. 

Three -hinge Arch. — An arch with a hinge at each springing and with a hinge 
at the crown is statically determinate. The thrusts on the abutments, and therefore 
the bending moments and shearing forces, are not affected by a small movement of 
one abutment relative to the other, and this type of arch is therefore used when there 
is a possibility of unequal settlement of the abutments. 

For any load in any position the thrust on the abutments can be determined 

D 
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from the statical equations of equilibrium. For the general case of an unsymmetrical 
arch with a load acting vertically, horizontally or at an angle, the expressions for the 
horizontal and vertical components of the thrusts are given in the lower part of 
Table 52. For symmetrical arches the formulae for the thrusts given for three-hinge 
frames in Table 48 are applicable or similar formulae can be obtained from the general 
expressions in Table 52. The vertical component is the same as the vertical reaction 
for a freely-supported beam. The bending moment at any section of the arch is the 
algebraic summation of the moments of the loads and reactions to the thrusts on one 
side of the section. There is no bending moment at a hinge. The shearing force is 
likewise the algebraic sum of the reactions and loads, resolved at right-angles to the 
arch axis at the section considered, and acting on one side of the section. The thrust 
at any section is the sum of the reactions and loads, resolved parallel to the axis of 
the arch at the section, and acting on one side of the section. 

The extent of the arch that should be loaded with live load to produce the maxi- 
mum bending moment or shearing force or thrust at a given section is determined 
by drawing a series of influence lines. A typical influence line for a three-hinge arch 
and the formulae necessary to construct an influence line for unit load in any position 
are given in the upper part of Table 52. 

Two-hinge Arch. — The hinges of a two-hinge arch are placed at the abutments 
and thus, as in a three-hinge arch, only thrusts are transmitted to the abutments, 
there being no bending moment on the arch at the springmgs. The vertical com- 
ponent of the thrust from a symmetrical two-hinge arch is the same as for a freely- 
supported beam. Formulae for the thrusts and bending moments are given in Table 52 
and notes are given on the page facing the table. 

Fixed Arch. — An arch with fixed ends exerts a bending moment on the abut- 
ments in addition to the vertical and horizontal thrusts. Like a two-hinge arch, 
and unlike a three-hinge arch, a fixed-end arch is statically indeterminate, and changes 
of temperature and shrinking of the concrete affect the stresses. As it is assumed in 
the general theory that the abutments are incapable of rotation or of translational 
movement, a fixed-end arch can only be used in such conditions. 

Any section of a fixed arch rib or slab is subjected to a bending moment and a 
thrust, the magnitudes of which have to be determined. The design of an arch is 
a matter of trial and error since the dimensions and the shape of the arch affect the 
calculations, but it is possible to select preliminary sizes that reduce the repetition of 
arithmetical work to a minimum. The suggested method of determining the possible 
sections at the crown and springing as given in Table 53, and explained on the page 
facing Table 52, is based on treating the fixed arch as a hinged arch, and estimating 
the sizes of the cross-sections by reducing greatly the maximum stresses. 

The general formulae for thrusts and moments on a symmetrical fixed arch of any 
profile are given in Table 53 <*nd notes on the application and modification of these 
formulae are given on pages 230 and 232. The calculations involved in solving the 
general and modified formulae are tedious, but some labour is saved by preparing 
the calculations in tabulated form. One such form is that recommended by the 
Ministry of Transport; this form is particularly suitable for open-spandrel arch bridges 
because the appropriate formulae, which are those in Table 53, do not assume a constant 
value of s lf the ratio of the length of a segment of the arch to the mean moment of 
inertia of the segment. A similar form is given in Table 55. 

For an arch of large span the calculations are further rendered considerably 
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easier and more accurate by the preparation and use of influence lines for the bending 
moment and thrust at the crown, the springing, and the first quarter-point. Typical 
influence lines are given in Table 53, and such diagrams can be constructed by con- 
sidering the passage over the arch of a single concentrated unit load and applying 
the formulae for this condition. The effect of the dead load, and of the most adverse 
disposition of the live load, can be readily calculated therefrom. If the specified live 
load includes a moving concentrated load, such as the knife-edge load in the Ministry 
of Transport loading, influence lines are almost essential for the determination wof the 
most adverse position, except in the case of the positive bending moment at the 
crown for which the most adverse position of the load is at the crown. The method 
of determining the data to establish the ordinates of the influence lines are given in the 
form in Table 55. 

Fixed Parabolic Arches. — Consideration is given in Table 54 and on the facing 
page to symmetrical fixed arches that can have either open or solid spandrels and can 
be either arch ribs or arch slabs. The method is based on that of Dr. Strassner as 
developed by Mr. H. Carpenter, and the principal assumption is that the axis of the 
arch is made to coincide with the line of pressure due to the dead load. This results 
in an economical structure and a simple method of calculation. The shape of the 
axis of the arch is approximately a parabola and this method can therefore only be 
adopted when the designer is free to select the profile of the arch. The approximately 
parabolic form of arch may not be the most economical for large spans, although it 
is almost so, and a profile that produces an arch axis that coincides with the line of 
thrust for the dead load plus one-half of the live load may be more satisfactory. If 
the increase in thickness of the arch from the crown to the springing is a parabolic 
variation, only the bending moments and thrusts at the crown and springing need be 
investigated. The formulae for the bending moments and forces are given on the 
page facing Table 54 and include a series of coefficients, values of which are given in 
Table 54; an example of the application of the method is given on the page facing 
Table 55. The component forces and moments are as in the following. 

The thrusts due to the dead load are relieved somewhat by the effect of the 
compression causing elastic shortening of the arch. For arches with small ratios of 
rise to span, or for arches that are tluck compared with the span, the stresses due to 
arch shortening may be excessive. This can be overcome by introducing temporary 
hinges at the crown and springing^, which eliminate all bending stresses due to dead 
load. The hinges are filled with concrete after arch shortening and much of the 
shrinking of the concrete have taken place. 

There are additional horizontal thrusts due to a rise of temperature or a corre- 
sponding counter-thrust due to a fall of temperature. A rise or fall of 30 deg. F. is 
often used for structures in Britain, but careful consideration should be given to those 
factors that may necessitate an increase, or may justify a decrease, in the temperature 
range. The shrinking that takes place when concrete hardens produces counter- 
thrusts, and can be considered as equivalent to a fall of temperature; with the common 
sectional method of constructing arches the effect of shrinking may be allowed for by 
assuming it to be equal to a fall of temperature of 15 deg. F. 

The extent of the live load on an arch to produce the maximum stresses in the 
critical sections can be determined from influence lines, and the following are approxi- 
mately correct for parabolic arches. The maximum positive bending moment at the 
crown occurs when the middle third of the arch is loaded; the maximum negative 
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bending moment at a springing occurs when four-tenths of the span adjacent to the 
springing is loaded; the maximum positive bending moment at a springing occurs 
when the whole span is loaded except the length of four-tenths of the span adjacent 
to the springing. In the expressions in Table 54 the live load is expressed in terms 
of an equivalent uniformly-distributed load. In Table 6 are given the values of the 
distributed load specified by the Ministry of Transport, but these loads have to be 
combined with the prescribed knife-edge load as shown in the example on the page 
facing Table 54. 

When the corresponding normal thrusts and bending moments on a section have 
been determined, the area of reinforcement and the stresses at the crown and springing 
are calculated in accordance with the methods described on pages 76 et seq. There 
only remains to determine the intermediate sections and the profile of the axis of the 
arch. If the dead load is uniform throughout (or practically so) the axis will be a 
parabola, but if it is not uniform the axis must be shaped to coincide with the line of 
pressure for dead load. The latter can be plotted by force and link polygons (as in 
ordinary graphic statics), the necessary data being the magnitudes of the dead load, 
the horizontal thrust due to dead load, and the vertical reaction (which equals the 
dead load on half the span) of the springing. The line of pressure, and therefore the 
axis of the arch, having been established, and the thicknesses of the arch at the crown 
and springing determined, the lines of the extrados and intrados can be plotted to 
give a parabolic variation of thickness between the two extremes. 



SECTION 3 

MATERIALS AND STRESSES 

The properties of reinforcement and of the constituents of concrete are described in 
regulations, standards and codes of practice. Only those properties which concern 
the designer directly and working stresses are dealt with in this section ; the speciffcation 
in Section 6 embodies other requirements. 

Concrete. 

Cement. — Cements suitable for reinforced concrete are ordinary and rapid- 
hardening Portland cements, Portland-blastfurnace cement, low-heat Portland cement, 
sulphate-resistant cement, super-sulphate cement, and high-alumina cement. Quick- 
setting cements are not used in ordinary construction. Calcium chloride is sometimes 
added to ordinary and rapid-hardening Portland cement to accelerate the initial set, 
either for concreting in cold weather or to enable the moulds or shuttering to be 
removed earlier; cements with any such addition do not conform to British Standards. 
Cements of different types should not be used together. 

Ordinary Portland Cement ( B.S . No. 12, 1958). — The principal requirements are 
as follows. The initial setting-time must be not less than 45 minutes and the final 
setting-time not more than 10 hours. The specific surface area must be not less than 
2250 sq. cm. per gramme. The minimum compressive strengths of 1 : 3 mortar 
cubes are 2200 lb. per square inch at three days and 3400 lb. at seven days. An 
alternative test on 4 -in. concrete cubes with a cement aggregate ratio of about 1 : 6 
(equivalent to 1 : 2 : 4), with aggregate from f in. down, a water-cement ratio of o-6, 
and a slump of £ in. to 2 in., is included. The strength of such cubes must be not 
less than 1200 lb. per square inch at three days and 2000 lb. at seven days. According 
to the recommendations of B.S. Code No. 114, the crushing strength of 6-m. or 4-m. 
cubes of 1 : 2 : 4 ordinary concrete in preliminary tests should be not less than 2700 lb. 
per square inch at seven days. It is possible that this strength might not be obtained 
if cubes tested in accordance with B.S. No. 12 have only the minimum strength of 
2000 lb. per square inch, but in this case the concrete would be acceptable so long 
as the strength at twenty-eight days be not less than 4000 lb. per square inch (see 
Table 57). 

Rapid-Hardening Portland Cement (B.S. No. 12, 1958). — The principal physical 
difference between ordinary and rapid-hardening Portland cement is the greater 
fineness of the latter, which must have a specific surface area of not less than 
3250 sq. cm. per gramme. The setting-times are the same, but the minimum com- 
pressive strengths of mortar cubes are 3000 lb. per square inch at three days and 
4000 lb. at seven days. The minimum compressive strengths of concrete cubes are 
1700 lb. per square inch at three days and 2500 lb. at seven days. An optional tensile 
test at one day (300 lb. per square inch) is included. The quicker hardening of this 
cement may enable shuttering to be removed earlier. 

Portland-Blastfurnace Cement (B.S. No. 146, 1958). — The slag content must not 
exceed 65 per cent. The setting-times and the fineness are the same as for ordinary 
Portland cement. The minimum compressive strengths of mortar cubes are 1600 lb. 
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per square inch at three days, 3000 lb. at seven days, and 5000 lb. at twenty-eight 
days, and of concrete cubes 800 lb., 1600 lb., and 3200 lb. at these ages. 

Sulphate-Resistant Cement— There is no British Standard for this cement, which 
is used for concrete liable to chemical attack by sea-water, acid ground-waters, and 
other medium-sulphate liquids. It is a mixture of blastfurnace slag and Portland 
cement clinker, and has less free lime. Super-sulphate or high-alumina cements are 
required when sulphate concentrations are high. 

High-Alumina Cement (. B.S . No. 915, J947).— This cement has extreme rapid- 
hardening properties due mainly to the proportion of alumina being up to 40 per cent, 
compared with about 5 per cent, in Portland cement; a minimum of 32 per cent, of 
alumina is required. The required fineness is between that of ordinary and rapid- 
hardening Portland cements. Initial setting must take place between two and six 
hours, and final setting within two hours after the initial set. The minimum com- 
pressive strengths of mortar cubes are 6000 lb. per square inch at one day and 7000 lb. 
at three days. High-alumina cement is more costly than Portland cement but it is 
immune from attack by sea- water and many corrosive liquids; because of its high 
early strength it is also used when saving of time is important. 

Low-Heat Portland Cement {B.S. No. 1370, 1958).— Low-heat Portland cement 
generates less heat during setting and hardening than do other cements, and thus 
reduces the risk of cracks occurring in large masses of concrete due to a reduction of 
tensile stresses during cooling. The development of strength is slower than that of 
other Portland cements, but in course of time the strengths may be equal. The 
minimum compressive strengths of mortar cubes are 1100 lb. per square inch at 
three days, 2000 lb. at seven days, and 4000 lb. at twenty-eight days. The strength 
of concrete cubes must be 500 lb. per square inch at three days, 1000 lb. at seven 
days, and 2000 lb. at twenty-eight days. A high proportion of lime is not compatible 
with low heat of hydration, and therefore the permissible percentage of lime is less 
than for other Portland cements. The heat of hydration must not exceed 60 calories 
per gramme at seven days and 70 calories per gramme at twenty-eight days. The 
initial setting-time must be not less than one hour and the final setting-time not 
more than ten hours. The specific surface must be not less than 3200 sq. cm. per 
gramme. 

Aggregates. — Fine aggregate (sand) and coarse aggregate (stone) must be clean, 
inert, and hard, non-porous and free from excessive quantities of dust, laminated 
particles, and splinters. Gravels and crushed hard stone are the commonly used 
materials for structural concrete. Broken brick is a cheap aggregate for plain con- 
crete, generally of low strength. Clinker, foamed -slag, expanded shale and clay, 
pellets of pulverised-fuel ash, fire-brick, and pumice, are used as aggregates for light- 
weight and insulating concrete where great strength is not essential. In general, 
aggregates for reinforced concrete should comply with B S. No. 882, but air-cooled 
blastfurnace slag (B.S. No. 1047), foamed blastfurnace slag (B.S. No. 877), crushed 
dense clay brick and tile, some proprietary forms of expanded shale or clay, and 
clean pumice may be suitable for members such as wall panels and floor and roof slabs. 

The size and grading of aggregates vary with the nature and source of the material, 
and the requirements in this respect depend upon the type of structure. For buildings 
and most reinforced concrete construction the fine aggregate should be graded from 
in. down to dust with not more than 3 per cent, passing a B.S. sieve No. 200. The 
coarse aggregate should be graded from ft in. up to | in., and between these limits 
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the grading should be such as to produce a workable and dense concrete. The largest 
size of the coarse aggregate should be £ in. less than the cover of concrete over the 
reinforcement (except in slabs) or the space between the bars, and should not exceed 
a quarter of the smallest dimension of the concrete member. For the ribs and top 
slab of hollow clay-block slabs, and for shell roofs and similar thin members, the largest 
size of aggregate is generally | in. In non-reinforced concrete larger aggregate, say, 

1 J in. to 3 in., is permissible and m concrete in large piers of bridges, massive founda- 
tions, or in concrete for filling large cavities or for kentledge, the use of hard stone 
“ plums ” is common. 

For concrete subject to attrition, such as roads and the floors of garages, factories, 
and workshops, if a special finish is not applied, an angular aggregate and a coarse 
sand is preferable. For liquid containers the aggregates should give as dense a concrete 
as possible. 

Concrete Mixtures.— The proportions in which the cement, fine aggregate, and 
coarse aggregate are mixed are usually expressed for convenience as volumetric ratios 
based on a unit volume of cement, for example, 1:2:4, meaning one part by volume 
of cement, two parts by volume of fine aggregate, and four parts by volume of coarse 
aggregate. Since it is important that the quantity of cement should be not less than 
that expected, the cement should be measured by weight. If Portland cement has 
a nominal weight of 90 lb. per cubic foot, 1:2:4 means 9° lb. of Portland cement to 

2 cu. ft. of fine aggregate to 4 cu. ft. of coarse aggregate. Since the basis of a batch 
of concrete is generally a bag containing one hundredweight of cement, this mixture 
is equivalent to 112 lb. of cement to 2J cu. ft. of fine aggregate to 5 cu. ft. of coarse 
aggregate, and in specifications and on working drawings the proportions of the 
concrete should be expressed in these terms. 

So long as it is realised that the method of expressing proportions of concrete in 
nominal volumetric ratios is merely a convenience, its use can greatly facilitate refer- 
ence to any concrete, and for this purpose may be preferable to expressing the pro- 
portions in terms of the volumes of fine and coarse aggregates to a specified weight of 
cement, which leads to cumbersome expressions, or to giving different proportions 
distinctive references, such as “ Mixture A ” or " Grade I ”. The latter reference is 
used in the London By-laws, but does not at sight give information regarding the 
mixture and there is also the difficulty of selecting a suitable reference for proportions 
that are between, or are variations of, the basic proportions. For these reasons 
nominal volumetric proportions are adopted in this book, for example, in Tables 56 
and 57. The latter table relates to the B.S. Code No. 114; in Table 56 are given the 
corresponding references in accordance with the London By-laws (19 5 2 )- The volumes 
of aggregate required with 1 cwt. of cement when using the more common proportions, 
which quantities also apply to the B.S. Codes, are given in Table 56. Recommendations 
for special mixtures to give a concrete of specified strength are given in the B.S. 
Codes, in which the limiting proportions of cement to aggregate are as 111 Table 57. 

Proportions of Cement to Aggregate . — The proportion of cement to aggregate 
depends on the strength, impermeability, and durability required. Experience 
shows that a nominal 1:2:4 concrete is suitable for general construction in cost 
and strength. Leaner concrete is not generally recommended for reinforced concrete 
unless the mixture has been properly determined by trials with the actual materials 
it is proposed to use in the work. A nominal 1:3:6 concrete is suitable for non- 
reinforced construction or for concrete temporarily placed and which will be cut away 
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later. Workable mixtures richer in cement than i : 2 : 4, for example 1 : i£ : 3 and 
1:1:2, are stronger but more expensive owing to the higher proportion of cement, 
and they are not generally economical for beams. They are, however, often economical 
for heavily-loaded columns or for members subjected to combined bending and direct 
thrust when the direct thrust predominates. Mixtures richer than 1:1:2 contain 
so large a proportion of cement that, apart from the cost, shrinking upon hardening 
is excessive. Instead of using a rich mixture it is generally more economical to 
obtain the necessary compressive strength by careful proportioning of the aggregates 
and control of the amount of water. Suitable proportions for concrete for various 
parts and types of structures under ordinary conditions are given in Table 56. 

In liquid-containing structures the nominal proportions should be not leaner than 
1 :i| : 3I, that is, 2 cu. ft. of fine aggregate and 4 cu. ft. of coarse aggregate to 1 cwt. 
of cement. If, however, the thickness of the concrete exceeds 18 in., nominal 1:2:4 
concrete is permissible. Concrete having the proportions 1 : 1} : 3J is generally used 
for precast piles, unprotected roof slabs and for concrete deposited under water, and in 
other places where a concrete of a better quality than 1 : 2 : 4 is required. For hollow- 
block floors and similar narrow ribbed construction and for many precast products 
1 : 1 J : 3 concrete is often specified, but with smaller aggregate than is used for ordinary 
construction. The blinding layer on the bottom of an excavation can consist of concrete 
having the proportions of 1 part of Portland cement to 8 parts of combined aggregate. 

Proportions of Fine and Coarse Aggregates. — The ratio between the amounts of 
fine and coarse aggregate necessarily depends on the grading and other characteristics 
of the materials in order that the volume of sand shall be sufficient to fill the voids 
in the coarse aggregate to produce a dense concrete. Until the material for a particular 
structure has been delivered to the site it is not possible to say what will be the exact 
grading of the sand or stone. Therefore this information is not always available 
when the specification is written. Several courses are open to the engineer when 
specifying the proportions for the concrete. The proportions of a particular sand 
and a particular stone with the properties of which the engineer is acquainted can be 
specified. Two or more independent sources of supply should be available within 
reasonable distance of the site. If the material is specified in this way, the permissible 
variations of the essential properties should be given. Another method is to specify 
the proportions of coarse and fine aggregates having definite gradings and leave it to 
the contractor to supply a material conforming to these requirements. Probably 
a better method is to specify a provisional ratio of fine to coarse material, the maxi- 
mum and minimum sizes (with such percentages of intermediate sizes as are necessary), 
and insert a provision to allow adjustment of the proportions after examination of 
the actual materials. 

Generally the proportion of fine to coarse aggregate should be such that the 
volume of fine aggregate should be about 5 per cent, in excess of the voids in the 
coarse material. Since the volume of voids may be up to 45 per cent., a common 
ratio is one part of fine to two parts of coarse aggregate, as in mixtures such as 1 : 2 : 4 
and 1 : ij : 3. Such proportions, however, relate to dry materials. Whereas the 
water in a damp coarse aggregate does not appreciably affect the volume, the water 
in a damp fine aggregate may increase the volume by 30 per cent, over the dry (or 
fully saturated) volume. The proportions specified should therefore apply to dry 
sand and must be adjusted on the site to allow for bulking due to dampness. 

The ratio of 1 : 2 of fine (dry) to coarse aggregate should be altered if tests show 
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that a denser and more workable concrete can be obtained by using other proportions. 
Permissible lower and upper limits are generally 1 : ij and 1 : 2j respectively; thus 
for a nominal 1:2:4 concrete, the variation of the proportions may result in the 
equivalent extreme proportions of approximately 1 : 2} : 3} and 1 : if : 4J . For 
liquid-containers, in accordance with B.S. Code No. 2007, the ratio may vary between 
1 : if and 1 : 3. 

Standards of control to ensure that concrete of uniform quality and strength 
assumed in design is obtained at the site are described in “ Quality of Concrete # in the 
Field ” (Inst. Civil Engrs.) ; the degrees of control and strength categories equivalent 
to each class of concrete are given in Table 56 and explained briefly on the page facing 
the table. 

Quantity of Water . — The strength and workability of concrete depend to a great 
extent on the amount of water used in mixing. There is an amount of water for 
certain proportions of given materials that produces a concrete of greatest strength. 
A smaller amount of water decreases the strength, and about 10 per cent, less may be 
insufficient to ensure complete setting of the cement and may produce an unwork- 
able concrete. More than the optimum amount increases workability but decreases 
strength; an increase of 10 per cent, may reduce the strength by approximately 15 per 
cent., while an increase of 50 per cent, may reduce the strength by one-half. With 
an excess of more than 50 per cent, the concrete becomes too wet and liable to separa- 
tion. The use of an excessive amount of water not only produces low strength but 
increases shrinking, and decreases density and therefore durability. 

Some practical values of the water-cement ratio for structural reinforced concrete 
are about 0*45 for 1:1:2 concrete, 0-50 for 1 : if : 3 concrete, and 0*55 to o-6o for 
1:2:4 concrete. 

Concrete placed by efficient mechanical vibrators may generally contain less 
water than concrete compacted by tamping or rodding, thereby obtaining greater 
strength. Increased workability can be obtained by incorporating a plasticising 
agent into the mixture; the consequent reduction in the amount of water required 
results in a gain in strength. 

A practical method of assessing the amount of water required is to make trial 
mixtures and find the proportion of water which produces a concrete which is just 
plastic enough to be worked among and around the reinforcement bars These trial 
mixtures may also be used to determine the best ratio of fine to coarse aggregate. 
Several mixtures are made with the amounts of fine and coarse aggregates slightly 
different in each, but with the total volume of aggregate and weight of cement the 
same in each mixture. The amount of water is adjusted to give the required work- 
ability. The mixture that occupies the least volume, that is the densest, will produce 
the best concrete. When the best mixture has been determined, the slump may be 
determined and the slumps of subsequent batches checked. The slump test allows for 
the porosity and dampness of the aggregates but not for any variation in the grading, 
size, or shape of the aggregate. A maximum slump for reinforced concrete con- 
struction is about 6 in., but a stiff er mixture is often desirable and practicable; a 
slump of 1 in. may be suitable if the reinforcement is not intricate or congested. For 
plain concrete in massive foundations, roads and dams, and similar work the concrete 
may not contain enough water to produce any slump, but sufficient water must be 
present to hydrate the cement and to enable the concrete to be properly consolidated 
by vibration or ramming. 
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Properties of Concrete. 

Weight and Pressure. — The weight of ordinary concrete is discussed on page 140, 
and the weights of ordinary reinforced concrete, lightweight concrete and heavy 
concrete are given in Table 1. A weight of 150 lb. per cubic foot is generally adopted 
in the structural design of reinforced concrete members. 

In the design of shuttering a weight of not less than 150 lb. per cubic foot should 
be allowed for wet concrete. The horizontal pressure exerted by wet concrete is 
generally assumed to be 140 lb. per square foot of vertical surface per foot of depth 
placed at one time, but for narrow widths, for drier concretes, and where the reinforce- 
ment is intricate, the increase in pressure for each foot of depth is less. 

Lightweight Concrete. — Concrete having a density less than that of concrete made 
with gravel or crushed stone is produced by using clinker, foamed-slag, expanded clay 
and shale, vermiculite, pumice, or other lightweight material. Such concretes have 
not generally a great strength, especially if they are specially low in weight, and 
therefore are not in general used alone for structural members; their low densities and 
high thermal insulation properties make them suitable for partitions and for lining 
walls and roofs. The use of concrete of medium weight with lightweight aggregates 
(such as sintered clay or shale) and having sufficient strength for some structural 
members, with or without reinforcement, is however extending. In some structural 
members the reinforcement is embedded in ordinary dense concrete and the remainder 
of the member is made of lightweight concrete. 

Other methods of making lightweight concrete include mixing metallic powder 
or other materials with the concrete; the resulting reactions generate bubbles of gas 
or entrap air to form cellular concrete. Such concretes are not generally impermeable, 
and if reinforced to provide lightweight slabs suitable for roofs, wall panels, and the 
like, the reinforcement should be coated to protect it from corrosion. 

“ No-fines ” concrete is a form of lightweight concrete suitable for cast-insitu, 
non-reinforced construction. It is generally ordinary gravel concrete with little or 
no aggregate less than J in. in size, and has high thermal insulation properties. 

Air-entrained Concrete. — Air is entrapped in Portland cement structural concrete 
with ordinary aggregates by adding resinous or fatty materials during mixing. Gener- 
ally the amount of air is about 5 per cent, (by volume) and the results are decreases of 
about 3 per cent, in weight and up to 10 per cent, in strength, an increased resistance 
to frost and chemical attack and an improvement in workability. 

Compressive Strength— With given proportions of aggregates the compressive 
strength of concrete depends primarily upon age, cement content, and the cement- 
water ratio, an increase in any of these factors producing an increase in strength. 
A formula for determining the probable strength of concrete of known mixture is 
given on the page facing Table 56. 

Compressive strengths vary from 1500 lb. per square inch for lean concretes to 
more than 8000 lb. per square inch for special concretes. The rate of increase of 
strength with age is almost independent of the cement content, and, with ordinary 
Portland cement concrete, about 60 per cent, of the strength attained in a year is 
reached at twenty-eight days; 70 per cent, of the strength at twelve months is reached 
in two months, and about 95 per cent, in six months. Working stresses are generally 
based on the strength at twenty-eight days. The strength at seven days is about 
two-thirds of that at twenty-eight days with ordinary Portland cement, and is a good 
indication of the strength likely to be attained. 
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The minimum crushing strengths of preliminary laboratory cubes and works 
cubes, at seven and twenty-eight days for Portland cement concrete of ordinary 
proportions, and at two days for high-alumina cement concrete, are given in Tables 56 
and 57. The strengths of leaner concretes, which are generally used for non -reinforced 
work, are given in Table 56. The recommendations of B.S. Code No. 114 are given 
in Table 57. The requirements of the London By-laws for buildings and the recom- 
mendations of B.S. Code No. 2007 for liquid-containing structures are given in Table 56. 
The various grades of concrete mcluded in the tables are the ordinary, lower, and 
higher qualities and the special grade of concrete described in B.S. Code No. 114, 
and the two qualities specified in the London By-laws. 

Compression tests in Britain are made on 6-in. cubes, which should be made, 
stored, and tested in accordance with B.S. No. 1181. For cubes made on the site, 
three should be cast from one batch of concrete. Identification marks should be 
made on the cubes. Two sets of three cubes each are preferable, and one set should 
be tested at seven days and the other at twenty-eight days. If only one set of three 
cubes is made, they should be tested at twenty-eight days. The strengths of the 
cubes in any set should not vary by more than 15 per cent, of the average, unless the 
lowest strength exceeds the minimum required. The seven-days’ tests are a guide 
to the rate of hardening; the strength at this age for Portland cement concrete should 
be not less than two-thirds of the strength required at twenty-eight days. 

In some countries cylinders or prisms are used for compressive tests. For 
ordinary concrete the compressive strength as measured on 6-in. cylinders is about 
85 per cent, of that as measured on 6-in. cubes of ordinary concrete, although the 
ratio may be two- thirds with high-strength concretes. 

Tensile Strength. — The direct tensile strength of concrete is considered when 
calculating resistance to shearmg force and in the design of cylindrical liquid-con- 
tainers. The tensile strength does not bear a constant relation to the compressive 
strength, but is about one-tenth of the compressive strength. 

The tensile resistance of concrete in bendmg is generally neglected in the design 
of ordinary structural members but is taken into account in the design of slabs and 
the like in liquid-containing structures. The tensile resistance in bending is measured 
by the bending moment at failure divided by the section modulus, the result being 
termed the modulus of rupture. The minimum moduli of structural concretes at 
three and twenty-eight days as given in B.S. Code No. 114 are given in Table 57. 
Form ul ae for estimating the modulus of rupture and the direct tensile strength are 
given on the page facing Table 56. 

Elastic Properties. — Notes on the elastic properties such as the modulus of elas- 
ticity, modular ratio, and Poisson’s ratio for concrete and reinforced concrete are 
given on the page facing Table 56. 

Thermal Properties. — The coefficient of thermal expansion is required in the 
design of chimneys, tanks containing hot liquids, and exposed or long lengths of 
construction, and provision must be made to resist the stresses due to changes of 
temperature or to limit the strains by providing joints. The thermal conductivity 
of concrete (k on page 107) varies with the density and porosity of the material. Some 
values of the coefficients of thermal expansion and conductivity are given on the 
page facing Table 57. 

The nature of the aggregate is the principal factor in determining the resistance 
of concrete to fire, although the type of cement may affect this property to some 
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extent. The resistance to fire of a reinforced concrete structure is affected consider- 
ably by the thickness of cover of concrete over the bars, and for a high degree of 
resistance covers in excess of those ordinarily specified should be provided, especially 
for floor and roof slabs and walls; reference should be made to the table on the page 
facing Table 57, which gives the requirements of the London By-laws and B.S. Code 
No. 1 14. Aggregates that have been sintered are superior to other aggregates in their 
resistance to fire; also of high resistance, but less so than the foregoing, are limestone 
and artificial aggregates such as broken brick. The aggregate ordinarily used for 
structural concrete, such as crushed hard stone (excepting hard limestone, but includ- 
ing granite) and flint gravels, are inferior in resistance to fire although such aggregates 
produce the strongest concrete. 

Shrinking . — Unrestrained concrete members exhibit progressive shrinking over 
a long period while they are hardening. For concrete that can dry completely and 
where the shrinking is unrestrained, the linear coefficient is approximately 0-00025 
twenty-eight days and 0-00035 a t three months, after which period the increase is 
less rapid until at the end of twelve months it may approach a maximum of 0-0005. 
In reservoirs and other structures where the concrete does not become completely 
dry, a maximum value of 0-0002 is reasonable. A concrete rich in cement, or made 
with finely-ground cement or with a high water content, shrinks more than a lean 
concrete or one with a low water content. 

If a concrete member is restrained so that reduction in length due to shrinking 
cannot take place, tensile stresses are caused. A coefficient of 0-0002 may corre- 
spond to a stress of 500 lb. per square inch when restrained; it is therefore important 
to reduce or neutralise these stresses by using a strong concrete, by proper curing 
and by the provision of joints. Shrinking is considered in the design of fixed arches 
on pages 44, 232 and 234. 

Creep . — Creep is the slow deformation, additional to elastic contraction, exhibited 
by concrete under sustained stress, and proceeds at a decreasing rate over many 
years however small may be the stress. Characteristic values for creep, expressed 
in deformation per unit length, for 1 : 2 : 4 concrete loaded at 28 days with a sustained 
stress of 600 lb. per square inch, are 0-0003 at 28 days after loading, and 0-0006 at 
one year. Thus creep is of the same degree of magnitude as shrinking, and appears 
to be directly proportional to the stress. The earlier the age of the concrete at which 
the stress is applied the greater is the creep, which also appears to be affected by 
the same factors as affect the compressive strength of the concrete; generally the 
higher the strength the less is the creep. The effect of creep of concrete is not often 
considered in reinforced concrete design. 

Reduction of Bulk upon Mixing . — When the constituents of concrete are mixed 
with water and tamped into position, a reduction in volume to about two-thirds of 
the total volume of the dry unmixed materials takes place. The actual amount of 
reduction depends on the nature, dampness, grading, and proportions of the aggre- 
gates, the amount of cement and water, the thoroughness of mixing, and the degree of 
consolidation. With so many variables it is impossible to assess exactly the amount 
of each material required to produce a cubic yard of wet concrete when deposited in 
place. The quantities given in Table 56 are ordinary values for gravel concrete but 
do not allow for waste. Alternative quantities are given for dry and damp fine 
aggregates. The quantities of fine and coarse aggregates for other proportions can 
be obtained from the ratios of the volumes of the materials. 
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Porosity and Permeability , — The porosity of concrete is the characteristic whereby 
liquids can penetrate the material by capillary action, and depends on the total 
volume of the spaces occupied by air or water between the solid matter in the hardened 
concrete. The more narrow and widely distributed these spaces are the more easily 
can liquids diffuse in the concrete. 

Permeability is the property of the concrete that permits a liquid to pass through 
the concrete due to a difference in pressure on opposite faces. Permeability depends 
primarily on the size of the largest voids and on the size of the channels connecting 
the voids. Impermeability can only be approached by proportioning and grading 
to make the number and sizes of the voids the least possible, and by thorough consoli- 
dation to ensure that the concrete is the densest possible with the given proportions 
of the materials. Permeability seems to be a less determining factor than porosity 
when considering the effect on concrete of injurious liquids. 

Fatigue . — The effect of repeatedly applied loads, either compressive or tensile, 
or a frequent reversal of load, is to reduce the strength of concrete; this phenomenon 
is called " fatigue If the resultant stress is less than half the strength, as is the case 
in compression on most concrete members, fatigue is not evident. When a stress 
exceeding half the strength of the unfatigued concrete is frequently caused, the 
strength of the concrete is progressively reduced, until it equals the stress due to the 
applied load, when the concrete fails. The number of repetitions of load to produce 
failure decreases the more nearly the stress due to the load equals the strength of the 
unfatigued concrete. 

A relatively high frequency of repetition of stress would be ten times and upwards 
per minute. If intervals of time occur between successive applications of load, 
the effect of fatigue is delayed. The degree of fatigue differs for direct compression, 
direct tension, and bending. Since the tensile stress in concrete in bending more 
nearly approaches the strength than does the compressive stress, it is evident that 
fatigue due to tensile stress controls fatigue of concrete in bending. 

Working Stresses in Concrete. 

Compression due to Bending. — The permissible compressive stress p c i) in 
concrete due to bending is generally assumed to be one-third of the specified minimum 
crushing strength of cubes at twenty-eight days. Values of p C b for concrete not 
leaner than 1:2:4 are given in Tables 56 and 57 and conform to general practice, 
and in particular to the London By-laws and the B.S. Codes. The London By-laws 
recognise two grades of concrete. The B S. Code considers four qualities of Portland 
cement concrete with aggregates complying with B.S. 882, namely, concrete of normal 
strength; concrete of lower strength, but not more than 25 per cent, less than ordinary 
concrete; concrete of higher strength, up to 25 per cent, in excess of ordinary concrete; 
and special concrete of higher strength. Two qualities of high-alumina cement con- 
crete are considered. If the aggregates do not conform to B.S. 882, the B S. Code 
recommends working stresses based directly on the strength of site-made or laboratory- 
made cubes in accordance with the ratios given in Table 57. 

For concrete in which the ratio of fine to coarse aggregate is not 1 : 2, the per- 
missible stresses are equivalent to those for concrete having the same sum of the 
proportions of fine and coarse aggregate; thus mixtures of 1 : 2J : 3J and 1 : 1} : 4J 
are both equivalent to 1 : 2 : 4 as regards working stresses since the sum of the pro- 
portions of the fine and coarse aggregates is six in each case. For proportions between 



56 REINFORCED CONCRETE DESIGNER'S HANDBOOK 

those tabulated, the value of pa> can be computed by proportion between the stresses 
given for the two nearest mixtures based on the sum of the separate volumes of the 
fine and coarse aggregate; an example is given on the page facing Table 62. 

For liquid-containers made with 1 : if : 3i concrete, a maximum compressive 
stress of 1200 lb. per square inch should be used for slabs and beams subjected to 
bending. The 2 8 -days’ strength of concrete used for such structures should be not less 
than 5400 lb. per square inch for laboratory-made cubes and 3600 lb. per square inch 
for cubes made on the works. In thick construction 1:2:4 concrete is used having a 
28-days* strength of 4500 lb. per square inch for laboratory-made cubes and 3000 lb. 
per square inch for site-made cubes; p C b is 1000 lb. per square inch. These strengths 
and stresses are in accordance with B.S. Code No. 2007 and are given in Table 56. 

Direct Compression. — For members in direct compression, such as concen- 
trically-loaded columns, the permissible compressive stress is about 76 per cent, of 
the permissible compressive stress in bending as is given in Tables 56 and 57. This 
stress is assumed to occur over the whole cross-sectional area of an ordinary column 
and on the cross-sectional area of the core of a column with helical binding. 

Combined Bending and Direct Force. — When a member is subject to bending 
moment combined with a direct thrust, as m an arch or a column forming part of a 
frame, or is subjected to a bending moment combined with a direct pull, as in the 
walls of rectangular bunkers and tanks, the same permissible compressive stress p C b 
is used for the concrete as if the member were subjected to bending alone. Thus 
for a column built in 1 : 2 : 4 ordinary concrete {Table 57), the compressive stress 
should not exceed 760 lb. per square inch for the direct load considered alone, nor 
exceed 1000 lb. per square inch when the direct load is combined with a bending 
moment. 

Tension. — In the design of members subjected to bending the strength of the 
concrete in tension is commonly neglected, but in certain cases, such as structures 
containing liquids and in the consideration of shearing resistance, the tensile strength 
of the concrete is important. For suspension members which are in direct tension 
and where cracking is not necessarily detrimental, the tensile strength of the concrete 
can be neglected and the reinforcement then resists the entire load. In a member 
that must be free from cracks, such as the wall of a cylindrical container of liquids, 
the tensile stress in 1 : if : 3$ concrete should not exceed 190 lb. per square inch in 
accordance with B.S. Code No. 2007; a member in bending should be designed, as 
descnbed on page 69, so that the tensile stress in the concrete does not exceed 270 lb. 
per square inch. The corresponding tensile stresses in 1:2:4 concrete are 175 and 
245 lb. per square inch as given in Table 56. Overline railway bridges and similar 
structures where cracking may permit corrosive fumes to attack the reinforcement 
should also be designed with a limited tensile stress in the concrete. 

Shearing Stresses. — The permissible shearing stress q in a beam is about o*i of 
the maximum permissible compressive stress in bending, but if the diagonal tension 
due to the shearing force is resisted entirely by reinforcement the shearing stress should 
not exceed 4 q in accordance with B.S. Code No. 114 for buildings or 2-5(7 in accordance 
with B.S. Code No. 2007 for liquid-containing structures; a maximum stress of less 
than 4 q is advisable in all but primary beams in buildings. Values of the stresses q 
and 4 q, and 2*5(7, 3Lre given in Tables 56 and 57. The relation between q and p C b for 
concrete of quality other than those tabulated is given in Table 57. 

Bond. — The permissible bond stress s& between concrete and plain round bars 
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is slightly more than the shearing stress. Thus the shearing stress for i : 2 : 4 ordinary 
concrete is, according to the B.S. Code, 100 lb. per square inch and the average bond 
stress is 120 lb. per square inch. The local bond stress Sb X (see page 62) is about 
50 per cent, greater than the average bond stress, that is 180 lb. per square inch. 
Bond stresses corresponding to other proportions and qualities of concrete are given 
in Tables 56 and 57. For deformed bars the recommended stresses are 25 per cent, in 
excess of the stress for plain round bars. 

Bearing on Plain Concrete. — Plain concrete mixed in leaner proportions, than 
1 : 2 : 4 is used for filling under foundations and for massive piers, and thick retaining 
walls. Suitable working stresses in direct compression are given in Table 56 and these 
conform generally to the London By-laws. The bearing pressures on plain and rein- 
forced concrete in piers subjected to a concentric load, or to an eccentric load, and 
permissible local pressures as under bearings are given in Table 104 in accordance with 
B.S. No. hi. 

Modifications of Permissible Stresses.— The working stresses given in Tables 
56 and 57 and specified in regulations should be related to the method of computing 
the bendmg moments and forces to which the member is subjected. These stresses 
must be reduced if departures are made from the ordinary methods of assessment of 
the load, the computation of the bendmg moment, or the calculation of the stresses. 

The working stresses should be reduced when any of the following apply. 

(a) If tests on works-made cubes made with the available aggregates give at 
twenty-eight days results lower than three tunes the permissible stress in bending, 
the working stresses should be reduced to one-third of the strength at twenty-eight 
days. The ratios recommended in B.S. Code No. 114 are given in Table 57. 

(b) When the structure is constructed by inexperienced men and when competent 
whole- time supervision is not available. 

(c) When the calculations are approximate or when the maximum load is uncer- 
tain. In preliminary designs such secondary effects as stresses due to changes in 
temperature or due to torsion may be omitted and a reduced working stress used. It 
is necessary, however, when preparing the calculations for the working drawings to 
include these factors and adopt the ordinary permissible stresses. 

(d) Slender columns and piers must be designed for stresses less than the ordinary 
stress for direct load (see Table 83). Similarly, narrow beams and other members 
should be designed for lower compressive stresses (see page facing Table 62). 

(e) When the structure is subject to vibration or impact the ordinary stresses 
should be reduced to allow for fatigue unless an allowance for these effects has been 
made in the calculation of the live load. 

(/) If the greatest load can occur before the concrete has obtained a crushing 
strength equal to three times the compressive stress due to the combined dead and 
live loads. 

(g) If all the load is dead load the working stresses should be reduced, unless 
means can be taken (for example, by introducing temporary supports) to prevent the 
full load acting on the structure until three months after completion. 

(h) When the work is difficult to construct and when the concrete is deposited 
under water, in underpinning, or in similar difficult positions. 

Under more favourable conditions reasons may exist for increasing the working 
compressive stresses, although the 28-days’ strength divided by three should generally 
be adopted as a guide. Among such conditions are the following. 
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(a) When the concrete is specially proportioned and treated with the object of 
obtaining a high strength. 

(b) If the structure, or particular members, will not be loaded for some time after 
completion of construction, the working stresses may be increased. The amounts 
of increase, in accordance with the B.S. Code, are given in Table 57. 

(c) If the extreme live load occurs infrequently and for a short time, stresses for 
such a load can be increased at the designer’s discretion, but the stresses due to the 
dead^load and the ordinary live load should not exceed those generally permissible. 

(d) When the calculated stresses include those due to the bending moments and 
forces caused by wind pressures on buildings, the stresses can be increased by 33J 
per cent, in accordance with the London By-laws and 25 per cent, in accordance with 
the B.S. Code. The stresses without wind should not exceed the ordinary permissible 
working stresses. This increase should not be made for structures in which the effects 
of wind are a predominating factor in the design. 

In adopting the foregoing reductions or increases much has to be left to the 
judgment of the designer when considering the conditions of a particular structure 
and the requirements of any controlling authorities. 


Properties of Reinforcement. 

Strength. — Reinforcement is most commonly plain round mild steel bars. Less 
frequently, medium-tensile and high-tensile steels are used; these have higher yield- 
point stresses than mild steel because, in the case of high-tensile steel (which is obtain- 
able as rolled deformed bars), of the higher carbon content. Medium-tensile steel is 
a superior type of mild steel. Other high-yield-stress bars are cold-worked bars, such 
as twisted ribbed bars, twisted square bars, and wire. Cold-drawn mild steel wire 
and small twisted square bars are generally in the form of oblong- mesh or square-mesh 
welded or woven fabrics and are used for the reinforcement of slabs and roads. 
Expanded metal is used for the same purpose. When available, and convenient to 
use, old rails, disused wire ropes, and light structural steel are occasionally embedded 
in concrete as reinforcement. The tensile strength, and the yield-point stress or 
equivalent yield stress, of hot-rolled mild steel, medium-tensile steel, high-tensile 
steel, hard cold-drawn wire, twisted square bars, and twin-twisted bars are given in 
Table 58; these data are in accordance with B.S. Nos. 785 and 1144. Twin-twisted 
bars are not now readily obtainable. The table also gives the equivalent yield stress 
and tensile strength of twisted ribbed bars, hard-drawn steel wire and expanded metal. 

Cross-sectional Area, Perimeter, and Weight. — In Table 59 are given the 
cross-sectional areas and weights per foot of plain round bars and wire and twisted 
square bars of common sizes, including wire-gauge sizes. The cross-sectional area 
of any number up to twenty of plain round bars from in. to 1 J in. diameter is given 
in Table 60, as well as the cross-sectional areas (per foot) of similar bars at various 
spacings from 3 in. to 24 in. The weights per foot and per square foot of most of the 
bars given in Table 60 are given in Table 59. The perimeters of plain round bars 
and the number of feet in a ton are given in Table 59. The cross-sectional areas and 
weights of twisted ribbed bars are the same as those of the same size of plain round 
bar since the nominal size of a ribbed bar is the diameter of the plain round bar having 
the same weight per foot. The overall diameter of a ribbed bar is i-i times the 
nominal diameter. 
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In Section 6 some methods of estimating and calculating the weight of mild 
steel reinforcement are described. 

Table 61 gives data relating to bars of metric sizes, namely, the size of bars in 
millimetres and the equivalent in inches, the cross-sectional area of a specified number 
of bars up to ten (m square inches and square centimetres), and the cross-sectional 
area of bars at specified spacings from 8 cm. (about 3 in.) to 30 cm. (about 12 in.). 
The data relate to bars from 6 mm. (about J in.) to 25 mm. (1 m.) and in some cases 
to 30 mm. (about i£ in.). 

Working Stresses in Reinforcement. 

Tension. — For rolled mild steel having a tensile strength of 28 tons to 33 tons 
per square inch the safe working stress in tension is generally 18,000 lb. per square 
inch for retaining walls, bridges, industrial and similar structures. For liquid- 
containers the maximum tensile stress should be 12,000 lb. per square inch when the 
tensile strength of the concrete is ignored (but see page 69). The permissible tensile 
stresses for reinforcement provided to resist shearing forces are discussed on page 72. 
A stress of 20,000 lb. is used for mild steel bars not larger than i£ in. in buildings 
designed in accordance with the B.S. Code; for bars larger than ij in. the permissible 
stress is 18,000 lb. per square inch. 

Since the yield-point stress of rolled mild steel is about 36,000 lb. per square 
inch, a working stress of 18,000 lb. per square inch represents a factor of safety of 
about two on the yield-point stress, and this factor is the true measure of the margin 
of security. For high-yield-stress steel the maximum working tensile stress permitted 
is generally 50 per cent, of the yield-point stress of the bar or wire in the form used 
in the concrete, with a limit of 30,000 lb. per square inch (or 20,000 lb. per square 
inch in shear reinforcement). The tensile stresses recommended in the B.S. Code 
and London By-laws are given in Table 58. 

When deciding the working tensile stress suitable for the reinforcement in a part 
of a structure, the modifying factors given on page 57 should be considered, but 
the factors that represent a variation in the strength of the concrete only must be 
disregarded except where the bond stress is affected. 

In liquid-containers in which cracking is to be avoided there is no advantage, so 
far as the tensile stress is concerned, in using a steel with a high yield-point stress 
if a working stress of 12,000 lb. per square inch is not exceeded although the tensile 
stress in mild steel reinforcement near the face of a member not in contact with liquid 
can, however, be 18,000 lb. or 20,000 lb. per square inch; these stresses are in accord- 
ance with B.S. Code No. 2007. The latter stresses might be adopted for a tank lined 
with an elastic impermeable membrane. 

The working tensile stress in the reinforcement in buildings can be increased 
by one quarter when the increase is due solely to increased bending moments and 
forces caused by wind pressure. The B.S. Code No. 114 limits the increased stress in 
reinforcement to 30,000 lb. per square inch. The London By-laws permit an increase 
of one-third, with a limit of 27,000 lb. per square inch. 

Compression. — The compressive stress in reinforcement depends on the com- 
pressive stress in the surrounding concrete if the modular-ratio theory of the action of 
reinforced concrete at working loads is applied. Since the strain of the two materials 
is equal so long as the bond is not destroyed, the stresses are proportional to the elastic 
moduli. Mild steel has a modulus of elasticity E s of about 30,000,000 lb. per square 
£ 
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inch, and, if the modulus of elasticity of concrete E c is assumed to be nominally 
2,000,000 lb. per square inch, the compressive stress in the steel /«, is fifteen times the 
compressive stress f C b in the concrete, or generally f se = mftt if m is the modular ratio 
E 8 

-=r. The value of m is considered on the page facing Table 56. It is more convenient 
Eg 

to calculate the compressive stress in the steel as additional to that in the concrete; 
this is / C b(w — 1). When this expression is used the resistance of the concrete can be 
calculated on the whole cross-sectional area, no deduction being necessary for the 
area of the bars. 

When the moment of resistance of a beam is calculated in accordance with the 
steel-beam theory (see page 66), the stress in mild steel reinforcement in compression 
is generally considered to be 18,000 lb. per square inch. For high-yield-stress steel 
the permissible compressive stress is half the yield stress but not more than 23,000 lb. 
per square inch in accordance with the B.S. Code No. 114. 

The compressive stresses in the main reinforcement in columns, and in other 
cases where the stress is independent of the stress in the concrete, in accordance with 
the London By-laws and B.S. Codes are given in Table 58. 

Bond between Concrete and Steel. 

Length for Bond of Tensile Reinforcement. — For a bar to resist tensile 
forces effectively there must be sufficient length of bar beyond any section to develop 
by bond between the steel and the concrete a force equal to the total tensile force in 
the bar at that section. 

The minimum length for bond, or the minimum length of an overlap, can be 
expressed as N times the diameter D of the bar; for a plain round bar N — — where 

fgt is the tensile stress in the bar at the section considered and is the permissible 
average bond stress. Values of s& are given in Tables 56 and 57 for various qualities 
of concrete in buildings according to the London By-laws and the B.S. Code. Values 
of N for various combinations of common tensile stresses /,« and st> are given in 
Table 62. The lengths of bond for stresses other than those tabulated are propor- 
tional to the tensile stresses, or inversely proportional to the permissible average bond 
stress. The lowest stress tabulated is 10,000 lb. per square inch and, although the 
working stress in the bar may be less, it is recommended that in no case should the 
length of bond provided be less than that required for 10,000 lb. per square inch. 
The B.S. Code recommends that the minimum length for bond should be 12 D and 
the corresponding lengths for bars of various sizes are given in Table 62. If this 
recommendation is applied rigorously the length for small bars is only a few inches, 
and it is suggested that a minimum length of 6 in. (or preferably 12 in.) should be 
adopted, as tabulated. The minimum length of an overlap is 30 D ; values are given in 
Table 62. For the common case of the permissible tensile stress p 8 t being 20,000 lb. per 
square inch (mild steel) and s& = 120 lb. per square inch (1:2:4 concrete), N is 
41$; the length of bond for bars of various sizes for these stresses is given in Table 62. 

If at a particular section of a beam a bar is no longer required to resist tension, 
it should not be stopped in the tensile zone but carried a short distance beyond the 
section (and preferably bent up at 45 deg. to extend into the compressive zone). 
Similar bars in slabs can remain in the tensile zone if continued a distance of 12 D 
beyond the section. These requirements conform to the B.S. Code except the recom- 
mendations in parenthesis. 
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Anchorages. — If an anchorage is provided at the end of a bar in tension, the 
length for bond need not be so great as when no such anchorage is provided. An 
anchorage may be a semi-circular hook, a 45 -deg. hook, a 90-deg. bend, or a mechanical 
anchorage. To obtain full advantage of the value in bond of an anchorage, the hook 
or bend must be properly formed. Suitable dimensions for common sizes of bars 
are given in Table 62, together with the length of bar required to form the anchorage 
additional to the overall length of the bent bar. The radius of the bend must be not 
less than 2 D. The length for bond must be measured from the point where the bar 
starts to deviate from the straight, that is, where the bend commences. The bond- 
resistance value of an anchorage of such dimensions is given in the B.S. Code as 
equivalent to a length of 4 D for each 45 deg. through which the bar is bent; that is 
8 D for a right-angle bend, 12 D for a 45-deg. hook, and 16 D for a semi-circular hook. 
The bond values of each of these types of anchorage are given in Table 62 for bars of 
various sizes. 

According to the B.S. Code No. 114, if an end anchorage is provided, the length 
required for bond (as represented by ND when N has the values in Table 62) can be 
reduced by the appropriate bond value (as also given in Table 62) of the anchorage, 
but the reduced length should be not less than 12 D. The bond-lengths required for 
bars with various forms of anchorages in accordance with B.S. Code No. 114 are 
given in greater detail in Table 63. For more conservative design, the length given 
by ND can be considered to be the minimum if a semi-circular hook of value 16 D 
is provided; if other forms of anchorage are provided, the length for bond should 
be ND plus 16D minus the value of the anchorage as given on the page facing Table 62. 

A mechanical anchorage can be either a hook embracing an anchor bar (the 
internal diameter of the hook being equal to the diameter of the anchor bar) or the 
end of the bar can be threaded and provided with a plate and nut. The size of the 
plate should be such that the compression on the concrete at, say, 1000 lb. per square 
inch of net area of contact (that is the gross area of the plate less the area of the bar) 
should be equal to the tensile resistance required. 

Length of Bond for Compression Reinforcement. — The length of bond 
required to resist a compressive force in a plain round bar is 80 per cent, of that 
required for a tensile force of the same magnitude. Therefore the values of N in 
Table 62, multiplied by o*8, can be used for compression reinforcement subjected to 
a stress of the same numerical value. For example, for a bar subjected to a compres- 
sive stress of 20,000 lb. per square inch in concrete the permissible average bond 
stress for which is 120 lb. per square inch, the value of N is o*8 times 42 approximately, 
say, 34, and the bond-length is 34D. The same rules apply to the length of overlap 
of bars forming compression reinforcement. The minimum length of bond for bars 
in compression is 12 D, but the minimum length of an overlap is 24D (as in Table 62). 
The end of a bar in compression need not be provided with an anchorage. 

Bars In Liquid-containers. — For liquid-containers, using 1 : 1 f : 3 J concrete, 
the length required for bond or for overlap of bars in tension, based on =» 130 lb. 
per square inch and p 9 t — 12,000 lb. per square inch, as in B.S. Code No. 2007, is about 
24D (see Table 62) ; it is recommended (but it is not required by the Code) that a semi- 
circular hook should be provided in addition to this length, since it is preferable to 
provide hooks on all plain bars in direct tension in liquid-containers. Hooks can 
generally be omitted from reinforcement in planar slabs. Greater lengths must be 
provided where the permissible tensile stress of 18,000 lb. per square inch is adopted. 
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For bars in compression, end anchorages are not necessary but a minimum length 
of 20 D should be provided for bond and for overlaps. For liquid-containing structures 
of 1:2:4 concrete, the lengths should be as for ordinary construction. 

Deformed Bars. — Twisted-ribbed, twisted-square, and similar bars provide 
greater mechanical bond resistance than plain round bars. The B.S. Code defines 
a deformed bar as one having a bond resistance (determined by test) 25 per cent, 
greater than that of a plain round bar, and for such a bar the bond stresses permissible 
are 25 per cent, higher than those given in Table 57. Therefore the length provided 
for bond can be based on a value of N equal to o-8 of that given in Table 62; if such a 
length is provided, no end anchorage is required for a deformed bar. Bond-lengths 
for deformed bars in tension or compression are given on the page facing Table 63. 

Bond of Beam Reinforcement. — The local bond stress % due to variation in 
the tensile stress in reinforcement in beams should be investigated by application of 
the formulae given on pages 246 and 248. The permissible stress is about 50 per cent, 
greater than the ordinary bond stress. The permissible local bond stresses in 
accordance with the B S. Code No. 114 are given in Table 57. 

Details of Reinforcement. 

Length and Size of Bars. — If attention is given to a number of points regarding 
the length and size of reinforcement bars, fixing the bars is facilitated and the con- 
struction is more efficient. As few different sizes of bars as possible should be used, 
and the largest size of bar consistent with good design should be used, thus reducing 
the number of bars to be bent and placed. Large bars are cheaper than small bars. 
The basic price is that of £-in. bars, all larger bars being supplied at this rate; smaller 
bars cost more for each £ in. in diameter below £ in. 

Generally the longest bar economically obtainable should be used, but regard 
should be paid to the facility with which a long bar can be transported and placed 
in position. Consideration should also be given to the greatest length that can be 
handled without being too whippy; these lengths are about 20 ft. for bars of -fr in. 
diameter and less, 25 ft. from & in. to £ in., 40 ft. for £ in., 60 ft. for 1 in., and 75 ft. 
for bars over ij in. The basic price only applies to bars up to 40 ft. long, and extra 
for every foot in length over 40 ft. is charged. Bars up to f in. can be obtained in 
long lengths in coils at ordinary prices and sometimes at lower prices. Over certain 
lengths it is more economical to lap two bars than to buy long bars, the extra cost of 
the increase in total length of bar due to overlapping being more than offset by the 
increased charge for long lengths. Long bars cannot always be avoided in long piles, 
but bars over 40 ft. require special road or rail vehicles which may result in delay and 
extra cost. 

The total length of each bar should, where possible, be given to a multiple of 3 in. 
and as many bars as possible should be of one length, thus keeping the number of 
different lengths of bars as small as practicable. 

Bar-bending Schedule. — The method of giving bending dimensions and mark- 
ing the bars should be uniform throughout the bar-bending schedules for any one 
structure. A system of bending dimensions is illustrated in Table 62 and conforms 
to B.S. No. 1478 in which bars of other shapes also are given. Most designers have 
their own form of bending schedule to suit the work in hand. Generally, however, 
it is necessary to give the following information thereon: Position of the bar in the 
structure, the diameter and total length of the bar, the number of bars of one type 
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in a single member, the number of identical members and the total number of bars 
of one type, the shape and bending dimensions of the bar, and perhaps a reference 
mark for each bar or bundle of bars. 

Cover of Concrete. — For the proper protection of the reinforcement and in 
order to ensure that the thickness of concrete around a bar is adequate to develop 
the bond resistance, it is necessary to provide sufficient concrete over the bars and 
sufficient space between adjacent bars. The minimum cover of concrete to a rein- 
forcement bar should be as given on the page facing Table 63 and in no case should 
it be less than the diameter of the bar. 

It should be noted that much of the deterioration of reinforced concrete structures 
is due to insufficient cover of concrete to the bars ; therefore, the designer should not 
hesitate to increase the minimum covers if it is thought to be desirable to do so for a 
particular structure. 

Spacing of Bars. — The minimum clear distance between two bars in any one 
layer in a beam should be not less than the diameter of the bar, or 1 in., or the largest 
size of the aggregate plus J in , whichever is the greatest. The minimum clear distance 
between successive layers of bars in a beam should be £ in. and this distance should 
be maintained by the provision of £-in. diameter spacer bars placed every 3 ft. or 4 ft. 
throughout the length of the beam wherever two or more layers of reinforcement 
occur. Where the bars from transverse beams pass between the layers, spacer bars 
are unnecessary. If the bars in a beam exceed 1 in. in diameter, it is preferable to 
increase to £ in. or 1 in. the clear space between the layers. If concrete is to be com- 
pacted by vibration, a space of at least 3 in. should be provided between groups of 
bars for the insertion of the vibrator if of the internal or poker type. 
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RESISTANCE OF STRUCTURAL MEMBERS 


Properties of Cross-sections of Members. 

The geometrical properties of plane figures, the shapes of which conform to those 
of the cross-sections of common reinforced concrete members, are given in Table 64. 
The data include areas, section moduli, moments of inertia, and radii of gyration. 
In particular are given data for readily calculating the moment of inertia of tee-sections 
which are also applicable to other flanged sections such as ell-sections and inverted 
channels. These data are suitable for cases when the amount of reinforcement need 
not be taken into account as in the case of comparative moments of inertia (see page 
facing Table 51). 

The data in Tables 65 a and 65 b apply to reinforced concrete members of recti- 
linear and polygonal cross-sections when the reinforcement is taken into account on 
the basis of the modular ratio. Two conditions are considered, namely, when the 
entire section is subjected to stress, and when the concrete in tension in members 
subjected to bending is not taken into account. The data given for the former 
condition includes the effective area, the position of the centroid, the moment of 
inertia, the section modulus, and the radius of gyration. For the condition when a 
member is subjected to bending and the concrete is ineffective in tension, the data 
include the position of the neutral plane, the lever-arm, and the moment of resistance. 
The corresponding general formulae for irregular and regular sections are given on 
the page facing Table 65B. 

Design of Beams: Modular-ratio Method. 

There are two fundamental methods of analysing the stresses in, and calculating 
the resistance of, a reinforced concrete member in bending: the ordinary elastic or 
modular-ratio method, and the ultimate-load or load-factor method; both methods 
are included in B.S. Code No. 114. The load-factor method is dealt with on page 70. 

The modular-ratio method applies to conditions at working stresses only. The 
basis of design of a structural member subjected to bending is that the internal resist- 
ing couple is equal to the bending moment produced by the external load. In a 
reinforced concrete member, the equal forces forming the couple are the compressive 
resistance of the concrete and the tensile resistance of the tensile reinforcement; 
the arm of the couple, that is the distance between the lines of action of the resultant 
forces, is called the lever-arm. It is assumed that the strain in any plane of the member 
is proportional to the distance of the plane from the neutral plane, that the tensile 
resistance of the concrete is neglected, that the reinforcement resists all the tensile 
forces (except in certain cases of liquid-containers), and that the concrete and steel 
are elastic within the range of the permissible working stresses. The formulae for 
the position of the neutral plane, the lever-arm, the moments of resistance, and the 
maximum stresses in rectangular beams and flanged beams (that is tee-beams and 
ell-beams), based on the foregoing principles are given in Table 66. The notation is 
summarised on the page facing the table. For beams of other regular cross-sections, 
the expressions for the lever-arm and moments of resistance given in Tables 65A 

64 
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and 65B are applicable. For a beam of any general or irregular cross-section the 
method described on the page facing Table 68 can be used. 

Formulae (i) and (ia) in Table 66 apply to members of any cross-section subjected 
to bending and give the neutral-plane factor n x expressed in terms of the permissible 
and actual stresses respectively; n x is dependent only on the modular ratio m and the 
ratio of the maximum stresses in the tensile reinforcement and in the concrete, that 
is p $ t and p C b or f t % and f C b respectively. Values of n x for m = 15 and for various ratios 
r of the maximum stresses are given in Table 68 or can be obtained from the curves 
in Table 67. 

The formulae (14) for the maximum stresses and formulae (15) for the ratio of 
the maximum stresses (in Table 66) involve n x and m only, and are therefore applicable 
to a member of any cross-section. 

Rectangular Beams. — Formulae (2) and (2 a) in Table 66 apply to rectangular 
beams whether reinforced to resist tension only or to resist tension and compression 
and give the neutral-plane factor in terms of the proportions of tensile and compression 
reinforcement, that is n and r c respectively; values of n x for various values of n, 
or conversely, are given in Tables 67 and 68 for m — 15. 

The formulae for the lever-arm l a and the lever-arm factor, a x in general, a c for 
the concrete in compression and a 8 for the compression reinforcement, are given by the 
formulae in the series (5) in Table 66. For values of a x = a c see Tables 67 and 68. 

The moment of resistance of a rectangular beam reinforced in tension only is 
given by formulae (8) and (8a), depending on whether the resistance to compression or 
tension (M rc and M r t respectively) determines the strength. If n x is based on the 
maximum permissible stresses, that is formula (ia), the values of M rc and Mrt may 
differ; if n x is based more properly on formula (2), M rc and M r t will be equal. 

The moment of resistance in compression can be expressed conveniently in terms 
of a factor Q c such that M rc = QMS- Values of bd x 2 for various values of b and d x 
are given in Table 69, and values of Q c for various stresses with m = 15 are given in 
Table 68. 

The maximum stresses produced by a given bending moment, with n x based on 
formula (2), are calculated from formulae (15). 

Tables 70A, 70B and 70c give the moments of resistance and areas of reinforce- 
ment for rectangular beams of various depths and of unit width reinforced in tension 
only for tensile stresses of 18,000 lb., 20,000 lb., and 27*000 lb. per square inch in 
the reinforcement and compressive stresses of 750 lb., 1000 lb., and 1100 lb. per square 
inch in the concrete (w = 15); Table 70D gives similar data for a tensile stress of 
30,000 lb. per square inch and compressive stresses of 750 lb., 1000 lb., and 1250 lb. 
per square inch. 

When sufficient depth or breadth of beam cannot be obtained to provide enough 
compressive resistance from the concrete alone compression reinforcement is provided. 
This extra reinforcement is not generally economical, although some concrete is saved 
thereby, but in some cases, such as the support sections of continuous beams, the 
ordinary arrangement of the reinforcement provides compression reinforcement 
conveniently; the amount of compression reinforcement should not exceed 4 per cent, 
in accordance with B.S. Code No. 114, and compression reinforcement in excess 
of this amount should be neglected in the calculation of the resistance of the 
beam. 

If the compressive resistance of the concrete is not neglected, the moment of 
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resistance of a beam with compression reinforcement is the sum of the moments of 
resistance of the concrete and compression reinforcement. The moment of resistance 
of the concrete is calculated as for a beam with tensile reinforcement only, and the 
additional moment of resistance due to the compressive reinforcement is as given by 
formula ( 8 b) in Table 66, in which n x is based on formulae (2 a). The maximum stresses 
due to a given bending moment are derived from formulae (14) in which l a is based 
on a x calculated from formula (5a), or approximately from (56), and from formula 
(2 a); note that formula (5 b) does not apply if r c is small compared with r*. 

The rational limit of application of the formulae for rectangular beams with com- 
pression reinforcement is when A sc — A s t, and for this condition the moment of resist- 
ance if given by 

Mr = [k«c + r c (m - i)(“~ ? )(i - fjjpcbbdS, 

and the proportion of tensile reinforcement, which is equal to the proportion of com- 
pression reinforcement, is given by 


ft 


r 


o-5 n x 


- (m - i)(— 



in which r is the ratio of the permissible stresses 



Values of M r and n are 


given at the foot of Tables 70A, 70B, 70c, and 70D for common permissible stresses 
and m = 15. The moments of resistance and areas of reinforcement for rectangular 
beams of various depths and of unit width reinforced in tension and compression 
are also given in these tables, from which a beam to resist a specified bending moment 
can be selected since the moment of resistance for the limits of A sc =0 and A sc — A s t 
are given for stresses of 18,000 lb., 20,000 lb., 27,000 lb., and 30,000 lb. per square 
inch in the tensile reinforcement and stresses of 750 lb., 1000 lb., and 1100 lb. or 
1250 lb. per square inch in the concrete. The compressive resistance of the concrete 
is not neglected; the stress in the compression reinforcement is therefore w-times 
the stress in the surrounding concrete. 

To prevent the compression reinforcement from buckling, binders should be 
provided at a pitch not exceeding twelve times the diameter of the smallest bar in 
the compression reinforcement. The binders should be so arranged that each bar 
is effectively tied. 

Balanced Design. — In the design of a beam it is of course necessary that the 
permissible stresses in the steel and concrete are not exceeded, but it is also desirable 
generally for the greatest stresses to be equal to the permissible stresses. When this 
condition is obtained, the design is considered to be “ balanced ”. There is, for each 
ratio of permissible stresses, a proportion of tensile and compression (if any) rein- 
forcement which gives balanced design, and expressions for this amount are given in 
Table 66. The percentage of reinforcement corresponding to the proportion for a 
given ratio of stresses is sometimes called the “ economic percentage ”, but this may 
be a misnomer because the relative amounts of steel and concrete in the most econo- 
mical beam or slab are dependent not only on the permissible stresses but also on the 
costs of the materials and shuttering. 

Steel-beam Theory. — If the amount of compression reinforcement required 
equals or exceeds the amount of tensile reinforcement when using the formulae in 
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Table 66, a beam may be designed by the “ steel-beam theory ” in which the com- 
pressive resistance of the concrete is neglected and 

At = A M 

* S ° (1 

When this method is adopted the spacing of the binders should not exceed eight 
times the diameter of the bars forming the compression reinforcement, and p 8t should 
not exceed 18,000 lb. per square inch. The indiscriminate application of the steel- 
beam theory is not recommended.'' At first sight it seems that a beam of any size 
can be designed to resist almost any bending moment irrespective of the compressive 
stress in the concrete. In fact with a theoretical compressive stress of 18,000 lb. per 
square inch in the reinforcement, the theoretical compressive stress in the concrete 
may exceed 1200 lb. per square inch, which for ordinary concrete leaves little margin 
for accidental overloading, differences between theoretical and actual bending moments 
and stresses, poor workmanship, and other factors. Partial safeguards against un- 
reasonable use of the steel-beam theory include the provision of sufficient area of 
concrete to resist the shearing forces, the space required for the bars in the top and 
bottom of the beam, and the reduction in the lever-arm consequent upon large numbers 
of bars requiring more than one layer of reinforcement in the top and bottom.' When 
A sc approaches equality with A s t it is preferable to design by the load-factor method 
described on page 70. 

Flanged Beams: Tee-beams, Ell-beams and I-beams. — If a beam is 
constructed monolithically with a slab, the slab forms the compression flange of the 
beam if the bending moment is such that compression is induced in the top of 
the beam. If the slab extends an equal distance on either side of the rib, that is the 
beam is a tee-beam, or if the slab extends on one side only of the rib, as in the case 
of an ell-beam (or inverted ell), the breadth of slab assumed to form the effective com- 
pression flange should not exceed the least of the dimensions given in Table 69. 

There are two cases to consider, namely, where the neutral plane is within the 
thickness of the slab and where the neutral plane is below the slab. In the former 
case, a flanged beam is dealt with in the same way as a rectangular beam the breadth 
b of which is the effective width of the flange. If the neutral plane is below the slab, 
the small compressive resistance afforded by the concrete between the neutral plane 
and the underside of the slab is often neglected, and the corresponding formulae in 
Table 68 apply. Note the approximate expression for the lever-arm in formulae (66) 
and (6c); this value is sufficiently accurate for most tee-beams and ell-beams. 

It is not common for beams with compression flanges to require compression rein- 
forcement, but if this is unavoidable the same principles apply as for rectangular beams. 
The theoretical formulae in this case are too complex to be of practical value, although 
they may be of some use for I-beams, the design of which is dealt with on page 258. 

Beams with Concrete effective in Tension. — In the design of liquid-containers, 
and some other structures, resistance to cracking of the concrete in the tension zone 
is important; therefore the members concerned are calculated taking the concrete as 
effective in tension. The corresponding formulae for rectangular and flanged beams 
are given in Table 69. 

Proportions and Details of Beams. — The dimensions of beams are primarily 
determined from considerations of the moment of resistance and resistance to shearing 
force, but beams having various ratios of depth to breadth may give the resistances 
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required. There are in practice several other factors that may affect the relative 
dimensions. 

To limit the deflection, the depth of a rectangular beam should be in accordance 
with the limiting ratios given in Table 15. A rule for determining a trial section for 
a rectangular beam or tee-beam is that the total depth in inches should be equal to 
the clear span in feet. The breadth of a rectangular beam or the breadth of the rib 
of a tee-beam generally varies from one-third to one times the total depth; for 
rectangular beams in buildings a reasonable breadth is one-half to two-thirds of the 
total depth; in industrial structures beams having proportions of breadth to depth 
of one-half to one-third are often convenient. The lower ratio in each case applies 
principally to tee-beams. Much, however, depends upon the conditions controlling 
a structure, especially such factors as clearances below beams and the cross-sectional 
area required for resistance to shearing. The breadth of beams should also conform 
with widths of timber as commercially supplied. The cross-sectional dimensions of 
beams and columns and similar members should be multiples of 1 J in. where practicable 
(see B.S. No. 2539). In buildings the breadth of beams may have to comply with the 
nominal thicknesses of brick walls, that is 4^ in., 9 in., 13^ in., or 18 in. If the ratio 
of the span to the breadth of a beam exceeds 30, the permissible compressive stress 
must be reduced in accordance with the rules given on the page facing Table 62. 

The breadth of the rib of a flanged beam is generally determined by the cross- 
sectional area required for resistance to the shearing force, but consideration must 
also be given to the accommodation of the reinforcement; a preliminary rule for 
determining the minimum breadth of rib in inches is 2% times the number of bars in 
one layer. When the calculations have been completed the breadth should be checked 
to ensure that sufficient space is provided for the bars. 

Methods of designing beams or determining the stresses in beams either by the 
use of the tables or by application of the formulae, are given on the page facing Table 67. 
Examples of the use of the tables are given on the page facing Tables 68 and 69. 
Typical details and calculations for freely-supported and continuous beams are given 
in Appendix II. 

Design of Solid Slabs: Modular-ratio Method. 

A slab is generally calculated for a strip 1 ft. wide; hence a slab is equivalent 
to a rectangular beam with b = 12 in., and the moment of resistance and the bending 
moment are expressed per foot of width. The formulae in Table 66 for rectangular 
beams apply to slabs, but as b has a constant value, the expressions can be modified 
to facilitate computation; for example, the effective depth and the area of reinforce- 
ment required can both be expressed as simple functions of the bending moment as 
given in Table 71. Notes and examples on the use of Table 71 are given on the page 
facing the table, which can be used for almost any permissible stresses. 

When the tensile stresses are 1 8,000 lb., 20,000 lb., 27,000 lb., or 30,000 lb. per square 
inch and the compressive stresses are 750 lb., 1000 lb., or 1250 lb. per square inch, or in 
the same ratio as pairs of these stresses, suitable slabs can be selected from Table 72 in 
which are given the moments of resistance of, and area of reinforcement for, slabs 12 in. 
wide without compression reinforcement ; examples are given on the page facing the table. 

Common arrangements of, and notes on, the reinforcement in solid slabs are given 
on pages 266 and 268. It is not usual to provide compression reinforcement in 
slabs unless a convenient arrangement of reinforcement is obtained thereby, but 
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when it is necessary to do so the method of calculation is the same as that for rectangular 
beams. Links or other means to prevent the bars from buckling should be provided 
at centres not exceeding twelve times the diameter of the bars in compression; other- 
wise the bars in compression should be neglected when computing the resistance. 

Reinforcement for resistance to shearing force is not generally necessary in slabs. 
Shearing stresses need not be considered unless the span is small. 

Although slabs 2 in. thick can be constructed with fine concrete, for ordinary 
cast-insitu slabs 3 in. should be the minimum thickness. The minimum thickness of 
the slab should be not less than the limiting values given in Table 62. 

Typical details and calculations for solid slabs are given in Appendix II. 

Slabs in Liquid-containing Structures. 

Tables 73 and 74 give data for the design of walls and other slabs in a structure 
containing water or other aqueous liquid in accordance with the recommendations of 
British Standard Code No. 2007 (i960). There are three principal cases to consider, 
namely, I. Slabs subjected to bending only; II. Slabs subjected to direct tension only; 
III. Slabs subjected to bending and direct tension. Table 73 deals with case I and 
Table 74 with cases II and III. The following conditions are applicable to all cases. 

The tensile stress p s t in the reinforcement is not to exceed 12,000 lb. per square 
inch (except in tensile reinforcement near the face remote from the liquid for slabs 
not less than 9 in. thick). The nominal volumetric proportions of the concrete are 
1 : i-6 : 3-2. The compressive stress in the concrete is not to exceed 1200 lb. per 
square inch; this requirement is seldom critical. The tensile stress in the concrete is 
not to exceed 190 lb. per square inch in slabs in direct tension and 270 lb. per square 
inch in slabs in bending; this requirement applies when designing for resistance to 
cracking. The cover of concrete over the reinforcement is to be not less than ij in. 
or the diameter of the bar if exceeding in. 

The basic formula) and conditions from which the expressions and data in Tables 73 
and 74 are derived and examples are given on pages 270, 272 and 274. 

Case I. Slabs subjected to Bending Only. — Slabs subjected to bending have 
to be designed to resist cracking and, should cracking occur, they must be reinforced 
sufficiently and be sufficiently thick to avoid overstressing the reinforcement in tension 
or the concrete in compression. This basis of design applies to all slabs when the 
strain at the face in contact with the liquid is tensile, and to slabs less than 9 in. thick 
whether tensile strain occurs at the face in contact with, or remote from, the liquid. 
If in a slab not less than 9 in. thick, the tensile strain is at the face remote from the 
liquid, the method of design is as for an ordinary slab with the stress in the reinforce- 
ment not greater than 18,000 lb. per square inch in plain bars or 20,000 lb. per square 
inch in deformed bars, and the compressive stress in the concrete not greater than 
1200 lb. per square inch. 

Case II. Slabs subjected to Direct Tension Only. — Planar slabs subjected 
to direct tension only without bending are not common; a curved slab, such as the 
wall of a cylindrical tank, is the more common case. The two conditions of design 
are that the tensile stress pet in the concrete should not be so great as to cause cracking, 
and, should cracking occur, the reinforcement should be able to resist the whole of the 
tensile force without exceeding the permissible tensile stress. The first of these 
conditions determines the thickness of the slab. The second condition determines 
the amount of reinforcement. 
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Case III. Slabs subjected to Direct Tension combined with Bending. — 

The two cases are when the tensile strain is at the face in contact with the liquid, 
and when this face is subjected to compressive strain and the opposite face to tensile 
strain. 

There are two conditions for the case of tensile strain at the face in contact with 
the liquid, namely, when tensile stresses only are produced, and when tensile and 
compressive stresses are produced. When there are tensile stresses only, which con- 
dition occurs when e does not exceed d t — d\, the case is like a slab subjected to direct 
tension only and therefore the tensile stress in the concrete must not exceed the stress 
permissible in direct tension if no cracking is to occur; the thickness of the slab is 
determined from this requirement. Should cracking occur, the permissible tensile 
stress in the reinforcement must not be exceeded ; this condition determines the amount 
of reinforcement. 

If there are tensile and compressive stresses, which condition occurs when e exceeds 
d\ — \d, the case is analogous to a slab subjected to bending only, and therefore the 
limiting stresses for that condition apply. Since the effect of reinforcement in the 
compression zone of a slab is insignificant, such reinforcement, if any, can be neglected. 

When the tensile strain is at the face remote from the liquid, there are two 
conditions to be considered, namely, when the slab is less than and not less than 9 in. 
thick. For the former case the design is exactly as in the immediately preceding case, 
taking into account whether there are tensile stresses only or tensile and compressive 
stresses. 


Design of Beams and Slabs: Load-factor Method. 

The load-factor, or ultimate-load, method is based on the behaviour of the member 
when near failure. The safe resistance under working conditions is a fraction of the 
ultimate resistance, say, one-third if the crushing strength of the concrete determines 
the ultimate resistance, or, say, one-half if the yield stress of the reinforcement is 
decisive. Formulae and factors for these conditions for beams and solid slabs sub- 
jected to bending are given in Tables 75 to 79, and are based on the recommendations 
in B.S. Code No. 114. The notation is given on the page facing Table 75, and the 
basis of the tables and examples on their use are given on the pages facing Tables 75 
to 79. The basic formulae for the moment of resistance and basic design formulae 
for beams with or without compression reinforcement are given m Table 75, together 
with the corresponding formulae simplified for cases in which ordinary 1:2:4 concrete 
is used and mild steel bars or high-yield-stress bars are provided in beams and solid 
slabs. Values of some of the factors used in these formulae are given in Table 76. 
Numerical values of moments of resistance and areas of reinforcement for common 
conditions for rectangular beams with mild steel reinforcement are given in Table 77A, 
and with high-yield-stress bars in Table 77B; similar data for solid slabs are given in 
Table 78, and for flanged beams in Table 79. 

Deflection of Beams. 

The deflection of reinforced concrete members cannot be calculated with precision, 
but this is not of serious consequence since in most cases comparative deflections only 
are required, and the indefinite numerical values offset each other to a large extent. 
If the amount of the actual maximum deflection of a beam is required to be known. 
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it can be found approximately from -v. T , where W is the total load on the beam, 

L is the span, E c is the modulus of elasticity of concrete in compression, I c is the 
equivalent moment of inertia, and K is the coefficient of deflection depending on the 
type of load and the conditions at the supports of the beam; values of K for some 
common loads are given in Tables 16, 17 and 17A. If all the terms are in inches and 
pounds, the deflection will be in inches. 

An appropriate value for E c is 3,750,000 lb. per square inch, corresponding to 
a modular ratio of 8, but if a more accurate value can be obtained from tests it should 
be used. The moment of inertia should be expressed in concrete units and should 
be that at the centre of the span, that is, at the position of the maximum positive 
bending moment. The moment of inertia in this instance should be computed 
for the whole area of the concrete within the effective depth, that is, the area of 
concrete between the neutral plane and the tensile reinforcement should be included 
as well as the area of the concrete above the neutral plane. The area of the tensile 
and compression reinforcement should be allowed for by transforming to the equivalent 
additional area of concrete, that is, the effective modular ratio [say (8 — 1) = 7] multi- 
plied by the area of the reinforcement. The moment of inertia should be taken about 

(1 -f 4 mrfibd^ 

the centroid of the transformed area, and is approximately -- 2 (i~+~mrt) * or a 
rectangular beam reinforced in tension only, the proportion of tensile reinforcement 
being n. The corresponding expressions for rectangular beams with compression 
reinforcement, and for tee-beams, are so complex that it is easier to calculate I c with 
actual numerical values from first principles, or use the data in Tables 65 and 65 a or 
the formulae on page 352. 

Data for limiting the deflection of beams and solid slabs are given in Table 15. 

Resistance to Shearing Force. 

Shearing Stresses. — Shearing force produces diagonal tensile stresses in the 
concrete and, if the stresses exceed the safe tensile stress in the concrete, reinforcement 
should be provided in the form of either inclined bars or binders, or both, to provide 
the shearing resistance. The shearing stress q in a member subjected to a bending 
moment or a shearing force Q acting alone is calculated from the formulae given on 
the page facing Table 80. If the beam is of uniform cross-section, the shearing force, 
and therefore the shearing stress, is independent of the bending moment, except in 
so far that shearing force is the rate of change of bending moment. Values of the 
safe shearing stresses with or without reinforcement are given in Tables 56 and 57. 

The distribution of shearing stress is such that at any point in a beam there 
exists a horizontal shearing stress equal in intensity to the vertical shearing stress at 
the point. In a plain rectangular concrete beam of uniform cross-section, the mean 
intensity of the shearing stress varies parabolically from nothing at the top and bottom 

edges to a maximum of 1-5^ at the mid-depth of the beam. In a reinforced concrete 

beam in which the concrete in tension below the neutral plane is ignored, there is 

Q 

a parabolic increase from nothing at the top edge to at the neutral plane, and 

this stress q is constant from the neutral plane to the centre of the tensile reinforcement. 
Shearing stresses due to torsion on a rectangular section attain maximum values at 
the middle of the longer sides. 
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Without assistance from reinforcement the concrete alone is sometimes considered 
as capable of resisting the total shearing force when the shearing stress q is not greater 
than the safe shearing stress. The Ministry of Transport permits this rule to be 
applied to slabs, but for beams in bridges only one-third of the shearing force may be 
resisted by the concrete, the remainder being resisted by reinforcement. In industrial 
structures it is preferable to resist the entire shearing force by reinforcement in the 
form of inclined bars, and to provide resistance to shearing forces even when the 
calculations for ordinary loading indicate that the shearing stresses are small; by so 
doing, some provision is made for abnormal loads to which beams in such structures 
may be subjected. The B.S. Code recommends that in narrow beams (as defined 
on page 246), the entire shearing force should be resisted by reinforcement whatever 
the shearing stress. 

If reinforcement is provided to resist the whole of the shearing force the stress q 
should not exceed four times the safe shearing stress; this is in accordance with the 
B.S. Code and London By-laws. Generally, however, this extreme value of q should 
not be used and a limit of times the safe shearing stress is preferable for secondary 
beams which may be subjected to greater incidental loads, although the higher limit 
might be used for main beams in buildings (not warehouses) if the full design load is 
not likely to occur. 

Reinforcement to resist Shearing Forces. — The reinforcement provided to 
resist shearing forces may be in the form of vertical binders or inclined bars. The 
shearing resistance of such reinforcement is given in Table 81 for tensile stresses of 
18,000 lb. and 20,000 lb. per square inch; the resistances at other stresses are pro- 
portional. In some cases, such as beams subjected to vibration and impact, the stress 
in the reinforcement provided to resist shearing forces should be less than 18,000 lb. 
per square inch, say, 12,000 lb. per square inch, and binders of small diameter closely 
spaced are preferable. In liquid-containing structures (B.S. Code No. 2007) the 
stress should not exceed 12,000 lb. per square inch, that is the resistances are two- 
thirds of those for 18,000 lb. per square inch in Table 81. B.S. Code No. 114 recom- 
mends a limiting tensile stress of 20,000 lb. per square inch in shearing reinforcement, 
comprising mild steel or high -yield-stress bars, in buildings and not more than 18,000 lb. 
per square inch in mild steel bars greater than ij in. in diameter. 

Notes on the spacing, diameter, and shape of binders are given in Table 80 and on 
the page facing the table. 

The principle assumed in evaluating the shearing resistance of inclined bars is 
that the bars form the tension members of a lattice girder, the inclined compression 
in the concrete providing the corresponding compression member. The shearing 
resistance at any section is the sum of the vertical components of all the inclined 
bars and compression “ struts ” cut by the section. Notes on the arrangement of 
inclined bars as affecting the stresses therein are given on pages 288 and 289. The 
resistances in Table 81 are for bars from $ in. to 1 J in. in diameter inclined at 45 deg. 
and 30 deg. 

Inclined bars are commonly provided by bending up the main tensile reinforce- 
ment, but in so doing inspection must be made to ensure that the bar is not required 
to assist in providing the moment of resistance beyond the point at which it is bent. 
The points at which bars can be dispensed with as reinforcement against bending are 
given in Table 69, which applies to beams having up to eight bars as the principal 
tensile reinforcement. Although a bar can be bent up at the points indicated, it is 
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not implied that if it is not bent up it can stop at these points, since it may not have 
sufficient length of bond from the point of critical stress. This length depends on the 
rate of change of bending moment, and should be investigated in any particular beam. 
Examples of the calculation of the shearing resistance at any section of a beam and 
the design of a member to resist shearing force are given on the page facing Table 81. 

Torsion. 

The design of reinforced concrete members subject to twisting moments is based 
largely on tests. The data in Table 82 are derived from the results of tests made by 
Mr. Leslie Turner and Mr. V. C. Davies. 

Members subject to twisting moments should not have re-entrant angles. In 
designing for ordinary shearing force and bending moment, lower stresses than usual 
should be adopted, thereby leaving a margin for the secondary torsional stresses. 
The moment of resistance to torsion of a reinforced member can be expressed as 
RD*q, where D is the equivalent diameter (in.), and q is the safe shearing stress (lb. per 
square inch). R is a section-coefficient the value of which depends upon the percentage 
of reinforcement and the shape of the member; values are given in Table 82 for the 
shapes most commonly used. The equivalent diameter D is the diameter of the 
largest circle that can be inscribed within the solid section. If the member is subjected 
to a bending moment or a shearing force that causes the concrete below the neutral 
plane to crack, the area of the cracked concrete should be ignored when assessing the 
shape of the cross-section and the value of D. The amount of reinforcement is equal 
to the sum of the amounts of longitudinal reinforcement and binding inserted solely 
to resist torsion. Only longitudinal bars near the outer faces of the section can be 
considered as effective. It is common to provide, for this purpose, equal amounts 
of binders and longitudinal bars, since lateral binding is of considerable value for 
resisting torsion especially if arranged diagonally. 

The method of designing a member to resist torsion is to design first for the ordinary 
bending moments and shearing forces (using reduced stresses) and to determine D for 
this section. The value of q given in Table 56 or 57 is then used to determine the 

T 

section-coefficient from R — w ^ere T is the applied twisting moment. The 
amount of reinforcement required for the appropriate shape can be determined from 
Table 82 and should be divided equally between lateral binders and longitudinal bars. 
The combination of torsional shearing stress with the shearing stress due to the 
ordinary shearing force is complex and, failing the adoption of a more accurate analysis, 
the designer should assure himself that, at any section reinforced for shearing force, 
the numerical sum of the two stresses does not exceed a reasonable value, say, not 
more than twice the shearing stress commonly allowed. Consider the numerical 
example given on the page facing Table 82, in which at the point of contraflexure 
(approximately at the fifth-point of span) the shearing stress due to the ordinary 
shearing force is 54 lb. per square inch and the torsional shearing stress does not 
exceed 100 lb. per square inch; thus the sum of the two shearing stresses does not 
exceed 154 lb. per square inch which is less than twice 100 lb. per square inch. 

Arcate Beams (Bow Girders). 

Bow girders and beams that are not rectilinear in plan are subjected to twisting 
moments in addition to the normal bending moments and shearing forces. Beams 
forming a circular arc in plan may form part of a complete circular system supported 
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on columns equally spaced and each span equally loaded such as occurs in water 
towers, silos, and similar cylindrical structures. The equivalent of these conditions 
also occurs if the circle is incomplete so long as the appropriate negative bending 
moment can be developed at the end supports. This type of circular beam occurs in 
structures such as balconies. 

The method of designing for twisting moments as given in the foregoing and in 
Table 82 applies. The maximum twisting moment occurs at the point of contraflexure ; 
therefore the design of the section in torsion can be based on the entire section, assuming 
no cracking of the concrete due to tensile stresses caused by bending or shearing force. 
The position of the point of contraflexure expressed in terms of the angular distance 
from the support is also given in Table 82. The maximum shearing force, equal in 
value to half the total load on the beam, occurs at the edge of the support. The 
maximum positive bending moment occurs midway between the supports; it is prefer- 
able to design for a positive bending moment in excess of the theoretical value, say, 
half that of the negative bending moment at the support. 

The critical design sections are therefore : (a) Midspan — maximum positive bend- 
ing moment and zero shearing force and zero twisting moment; (b) Point of contra- 
flexure — zero bending moment, maximum negative twisting moment combined with 
shearing force; ( c ) Support — maximum negative bending moment, maximum shearing 
force, and maximum positive twisting moment. 

An analysis of curved beams allows for the torsional rigidity of the section and 
gives the following expressions for the twisting and bending moment at any point X 
in a beam carrying a uniformly-distributed load. 

M = Ms cos Q x + T s sin 0 X — F S R sin Q x + wR 2 ( 1 — cos 6 X ) 

T — — M s sin 0 X + T s cos Ox 4* F S R{ 1 — cos Ox) — wR 2 ( 1 — sin 0 X ) 

where Ms, T s, and F s are respectively the bending moment, twisting moment, and 
shearing force at support S, R is the radius of the beam, and Ox is the angle defining 
the position of the point X, as shown in the diagram on Table 82. 

If a curved beam is subjected to a concentrated load P such that the angle between 
the radii through the point of application of P and support S is a, the following expres- 
sions apply at any point X if 0 x > a. 

M — Ms cos Ox + Ts sin Ox — FsR sin Ox 4- PR sin (Ox — a) 

T = — M s sin Ox 4- Ts cos 0 x 4- F s R(i — cos Ox) — PR[i — cos (Ox — a)]. 
If Ox < a, the terms containing PR equal zero. 

For a number of common cases of circular beams, formulae and coefficients for 
evaluating Ms, T s, and Fs are given in Table 82, together with the corresponding 
factors for the bending moment, twisting moment, and shearing force at mid-span 
and at the point of contraflexure. The general formulae given in the foregoing are 
derived from the analyses given by Professor A. J. S. Pippard and Professor J. F. 
Baker, and the coefficients and expressions in Table 82 are based on the development 
(as subsequently modified) by Professor W. T. Marshall and Dr. G. G. Meyerhof. 

Safe Loads on Short Columns. 

The imposed loads for which columns in buildings should be designed are the 
same as those for beams as given in Table 3, except that the minimum load does 
not apply. The imposed load on the floors supported by the columns may be reduced 
(see Table 3) when calculating the load on the column in accordance with the scale 
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given for multiple-story buildings. External columns in buildings, and internal 
columns under certain conditions, should be designed to resist the bending moments 
due to the restraint at the ends of beams framing into the columns, and due to wind 
(see Tables 46 and 51). An approximate method of allowing for the bending 
moment on a column forming part of a building frame is to design for a concentric 
load F times the actual load, where F is as given on page 228 for different arrangements 
of beams framing into the column; so many factors affect the value of F that the 
tabulated values can be only approximate and the final design must be checked by 
more accurate calculation. 

The working stress for which a column should be designed is the direct com- 
pressive stress p cc ( Tables 56 and 57) when the column is subjected to direct load only. 
When the column is subjected to bending in addition to the load, the stresses should 
be determined in accordance with the methods described in Tables 85 to 88, and the 
compressive stress in the concrete should not exceed the permissible compressive 
stress peb in bending (Tables 56 and 57). Columns subject to bending should, how- 
ever, be checked to ensure that under the load assumed to be acting alone, the per- 
missible direct compressive stress is not exceeded. The stresses in the foregoing may 
be exceeded by not more than one-third (London By-laws), or one-quarter (B.S. Code), 
if the effects of wind are included in the calculation of the load and the bending 
moment, but the stress p C c or peb must not be exceeded when these effects are excluded. 
The modifications to specified working stresses as given on page 57 should be con- 
sidered when assessing the safe working stress in a column. When the load on the 
column is ascertained approximately the stress in the concrete should be well below 
the permissible stress unless it is known for certain that the approximate load has 
been over-estimated. When the column loads are carefully calculated and the elastic 
reactions from the beams are taken into account, the calculated stress can be increased 
to the permissible stress. The foregoing rules apply to “ short ” columns. The reduc- 
tion of the safe load on slender columns is discussed below. 

Reinforced concrete columns are generally either rectangular in cross-section with 
separate binders, or circular or octagonal with helical binding. In some multiple- 
story residential buildings columns of ell-shape or tee-shape are formed at the inter- 
section of reinforced concrete walls. In most reinforced concrete columns the main 
vertical bars are secured together by means of separate links or binders. Rules for 
the arrangement of such binding, the limiting amount of main reinforcement and 
formulae for the safe load on such columns are given in Table 83; safe loads on square 
columns with separate binders are given in Table 84. 

By forming the binding in a column in the form of a continuous helix instead 
of separate binders, the safe load on the column is increased. The form of the binding 
must be circular, or nearly so on plan. The conditions given in Table 82 and on the 
page facing the table conform to the B.S. Code. 

Columns with helically-bound cores are either square, octagonal, or circular; 
generally an octagonal section is the most economical, since the shuttering is less 
costly than for a circular column and there is less ineffective concrete in the corners 
than in a square column. The minimum outside size of the column is about 2 in. 
more than the diameter of the bound core. Although helically-bound columns are 
not necessarily the most economical form of column construction, the extra cost is 
mostly offset by the advantages arising from the extra available floor space and 
reduced dead weight. 

F 
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So many variants enter into the design of a column that it is not easy readily to 
decide which combination gives the most economical member. For a short column 
carrying a load exceeding ioo tons, the following may apply. 

Other things being equal, the richer the concrete the more economical is the 
column. For a square column, the minimum amount of longitudinal reinforcement 
produces the cheapest member for a specified quality of concrete. Also, for any 
concrete a square column is generally less costly than an octagonal column with helical 
binding. Taking eight designs of columns to carry loads from ioo tons to 500 tons, 
the order of economy is generally as follows, the most economical design being the 
first: 1:1:2 concrete, square column with minimum vertical steel; 1:1:2 concrete, 
octagonal column with maximum volume of helical binders and minimum area of 
vertical reinforcement; 1 : 1 J : 3 concrete, square column with minimum area of vertical 
reinforcement; 1 : ij : 3 concrete, octagonal column with maximum volume of helical 
binders and minimum area of vertical reinforcement; 1:2:4 concrete, square column 
with minimum area of vertical reinforcement; 1:2:4 concrete, octagonal column 
with maximum volume of helical binders and minimum area of vertical reinforcement ; 
1:2:4 concrete, octagonal column with maximum volume of helical binders and 
maximum area of vertical reinforcement; 1:2:4 concrete, square column with 
maximum area of vertical reinforcement. 

Long Columns. 

If the ratio of the effective length of a column to the least radius of gyration 
exceeds about 50, the column is a “ long ” or slender column and the safe load on the 
column is less than that on a " short ” column. For square and rectangular columns 
it is more convenient to calculate the slenderness ratio on the least lateral dimension 
(provided that the section has no re-entrant angles) instead of on the radius of gyration. 
Formulae and data relating to both bases of determining the reduction of the con- 
centric safe load on “ long ” columns are given in Table 83 and on the page facing 
Table 84, on which page also the effective length compared with the actual length of 
the column is considered. 


Combined Stresses. 

The stresses in structural members such as arches, wails of rectangular containers, 
columns subject to eccentric load, and chimneys, are due to the combined effect of 
a bending moment and a direct force, which may be either a pull or a thrust. The 
method of determining the magnitude and distribution of the stress depends on the 
nature of the direct force and the relative magnitudes of the bending moment and 
the force. There are three principal cases: (1) When the direct force is a thrust and 
the resultant stresses are wholly compressive; (ii) When the direct force is a pull 
and the resultant stresses are wholly tensile ; (iii) When the direct force is either a pull 
or a thrust and both tensile and compressive forces are produced. 

The analysis of the stresses for these cases is generally based on a method analogous 
to the elastic modular-ratio methods of analysing beams and columns subjected to 
concentric loads; this method is accepted by the B.S. Code and is the basis of Tables 85, 
86, 87 and 89. The Code also describes a load-factor method of analysis, which is 
given in Table 88 and described on page 83. 

The permissible stresses in members subjected to bending and compression are 
those permitted for bending only. In long columns subjected to bending, the per- 



RESISTANCE OF STRUCTURAL MEMBERS 


77 


missible stresses must be reduced by the factor Rl given in Table 83, but no reduction 
need be made for stresses within one-eighth of the length of the column from either 
end. In slender beams subjected to axial thrust, the reduction factors should be in 
accordance with the rules in Table 57 and on page 246. 

The effect of a bending moment M and a direct force N acting simultaneously is 
equivalent to the direct force N acting at a distance e from the centroid of the stressed 
. M . 

area where e — The eccentricity e is sometimes measured from the centroid of 
the concrete section and, except in case (iii) if the eccentricity is small, the error 
involved by this approximation is small. In some problems the eccentricity of the 
load about one face of the member is known, and before the stresses can be determined 
this eccentricity must be converted to that about the centroid of the stressed area 
(or of the concrete section). 

The value of e relative to the dimensions of the member determines into which 
of the three cases the problem falls. For problems in case (i) the maximum and 
minimum compressive stresses are calculated by adding and subtracting respectively 
the stresses due to the direct force alone and to the bending moment alone. The 
limit of this case is reached when the tensile stress produced by the bending moment 
alone (assuming that the whole of the concrete and the reinforcement are fully effective) 
is equal to the compressive stress due to a concentric load N. For a rectangular 

section this limiting condition is reached when g, d being the total depth of the member, 
is 0*167 for a section with no reinforcement and up to about 0*3 with large percentages 
of reinforcement. As a small tensile stress may be permitted in the concrete in some 

cases, an upper limit for g may be about 0-5. If no tensile stress is permitted in the 

Z 

concrete the limiting value of e is -j, where A is the effective area of the section 

expressed in concrete units and Z is the modulus of the effective section (also expressed 
in concrete units) measured about the axis passing through the centroid of the equiva- 
lent section. Expressions for the effective area and section modulus of reinforced 
concrete sections subjected to stress over the entire section are given in Tables 65 a 
and 65B; these expressions take into account the reinforcement; for preliminary 
approximate calculations it may not always be necessary to allow for the reinforcement, 
in which case the expressions in Table 64 apply. 

When N is a pull and the stresses are entirely tensile, the problem is in case (ii) 
e 

when y— is less than 0-5, where las is the distance between the centroids of the reinforce- 

*a« 

ment near opposite faces of a reinforced section, the tensile resistance of the concrete 
being entirely neglected. 

When case (1) is applied to a problem in which N is a thrust and an excessive 
tensile stress is produced in the concrete, or when case (ii) is applied to a problem 
with N a pull and compressive stresses are produced, the problem is in case (iii). 
Various methods of calculating the stresses for this case have been devised. Any 
direct method is complicated since an exact analysis involves the solution of a cubic 
equation, and rapid computation necessitates an impracticably large number of graphs 
or tables if provision is to be made for all the probable variations of the terms in the 
equation. In the method given in Tables 85 and 86 the depth to the neutral plane is 
assumed first; the assumed depth is later checked and adjusted. 

For rectangular sections, or sections capable of being reduced to equivalent 
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rectangles, the notation is as indicated in Table 86, and for an irregular section the 
notation is as shown in Table 85. When there is no compression reinforcement the 
term A 9C in the formulae is zero and simplifications consequently follow. An abstract 
of the methods of determining the stresses in a rectangular member subject to a bending 
combined with a direct thrust is given in Table 86, together with the values of some of 

the terms involved in the calculation. For values of J exceeding, say, 1*5, an approxi- 
mate method can be used that gives the stresses with sufficient accuracy. 

Rectangular Section subjected to Bending and Thrust (Modular- ratio 
Method). 

When e does not exceed \d. — In this case, with any amount of reinforcement, 
compressive stresses only are developed and the maximum and minimum values are 
given by the formula in Table 86. The expression for the section modulus is correct 
if Ag C equals A e t and is approximately correct if A sc differs from A s t. For more 
accurate expressions, see Table 65 a. The design of a section for this case involves 
the assumption of trial dimensions and reinforcement. For the special case of m — 15 
and A gc = A 8 t the factors given in Table 87 can be used, the method being described 
on the page facing the table. 

When e is greater than \d and less than \d.— With no reinforcement, tension is 
developed in one face of the member when e exceeds \d, but as the proportion of 
reinforcement increases the ratio of e to d also increases before tensile stresses are 

e 

developed. The limiting value of ^ depends on the amount of A sc and A s t and the 


relative values of d 2 , d lt and d. Cases where J lies between £ and £ should be first 

calculated as if - did not exceed J, and if no tensile stress is shown to be developed 

the stresses calculated by this method are the theoretical stresses. Even if a small 
tensile stress is developed, treatment as in the preceding paragraph is generally justified 
so long as the tensile stress in the concrete for the worst combination of M and N 
does not exceed about one-tenth of the allowable compressive stress. If the tensile 
stress exceeds this amount the tensile resistance of the concrete should be ignored, 
and the stresses calculated as in the next paragraph. 

When e is greater than \d x and less than 1 \d v — This is the general case, when 
tension in the concrete is ignored, and the method given in Table 86 is applicable 
to members with or without compression reinforcement and with any value of d 2 
and any modular ratio. 

The first step is to select a trial position for the neutral plane by assuming n lt 
the neutral-plane factor, and then calculating the maximum stresses f C b and f 8 t in 
the concrete and reinforcement respectively from the formulae given in Table 86, in 
which also are given the expressions for the factors and some numerical values of the 
factors. The term % is the distance from the compressive edge of the section to the 
centroid of the stressed area. Since x may be very nearly equal to \d it is sufficiently 
accurate in the first trial calculation to assume this value, but for the second or final 
calculation, x should be determined from the appropriate expression. 

The value of n x obtained by substituting the calculated values of f C b and f 8 t in 
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If in the first trial there is a difference between the two values of n lt the factors F, 
G, H and J should be recalculated with a second trial value of n x and the recalculated 
values of f C b and f 8 t should give a satisfactory value of n x . Values of n x for various 

values of —• for different modular ratios and values of G and H are given in Table 86, 

J cb 

and in Table 68 also values of n x for m = 15 are given; see also Table 67. 

When the member is reinforced in tension only, H = o and the formulae for the 
stresses are 


fcb — 


NF 

Gbd x 


and f 8 t 


UJ - N 


the stresses can be obtained 


For the special case of m — 15 and A sc = A s t, 
approximately from the factors given in Table 87. 

A member which docs not generally require compression reinforcement can be 
designed by first assuming a value for d x (and therefore d) and calculating the breadth 
J NF 

required from b = — — in which G is calculated from the value of n x correspond- 

^ pcbd x G 

ing to the permissible stresses p C b and p 8 t or taken from Table 86. The area of tensile 


reinforcement required is given by 


Pcb j - N 
Pst 


If the value of b thus obtained is 


unsuitable, another value of d x may give suitable proportions. (For a slab, b — 12 in. 
if N and M are expressed in terms of one foot of width.) If suitable proportions 
cannot be obtained in this way, a convenient section may be found by reducing the 
stress in the tensile reinforcement, thereby increasing the area of concrete in com- 
pression, or by adding compression reinforcement, or by combining both methods. 

If reinforcement is added to increase the compressive resistance, or if the member 
is such that ordinary design or other considerations require the provision of com- 
pression reinforcement (for example, columns, piles, the support section of beams, 
and members subject to reversal of flexure), it is necessary to assume (or determine 
from other considerations) suitable values of b as well as d x . With these values, and 
with the ratio of the allowable stresses in the tensile reinforcement and the concrete, 
the factors F, H, J and G can be calculated or read from Table 86. The amount 
of compression reinforcement required is given by 

(NF 


A 8 c = 


■ M, G ). 


' H( 1 -h)\p cb 
The area of tensile reinforcement required is given by 

. pcb(J + HA sc) -N 
Ast Pst 


In evaluating F, the value of x may be assumed to be \d , but in important members 
the stresses should be checked using the calculated value of x. 

If the calculated value of A 8C exceeds A it both values should be adjusted by 
reducing the tensile stress or by modifying the dimensions of the concrete. 

When e is greater than 1 \d x . — When the eccentricity of the thrust is large com- 
pared with the dimensions of the member the stresses are primarily determined by 
the bending moment, the thrust producing only a secondary modification. In this 
case the stresses should first be calculated for the bending moment acting alone as 
described on the pages facing Tables 66 and 67. The combined stresses can then be 
determined approximately by adding a stress f c to the maximum compressive stress 
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in the concrete, and by deducting mf c from the tensile stress in the reinforcement 
where f e is given by the formula at the bottom of Table 86. 

Examples of the use of Table 86 are given on the page facing the table. 

Any Section subjected to Bending and Thrust (Modular -ratio Method). 

Compressive Stresses Only. — The first step in the determination of the stresses 
M 

when the value of is small is to determine the equivalent area A e and the moment 

of inertia lx of the section about an axis passing through the centroid as given by 
the expressions at the top of Table 85; an irregular section is divided into a number 
of narrow strips as in the diagram. The maximum and minimum compressive stresses 
are obtained from the appropriate formulae in the table. The limit of this case is 
when f chimin.) =0. A small negative value of f chimin.) may be permissible if this 
tensile stress does not exceed, say, one-tenth of the permissible compressive stress. 

If the section is symmetrically reinforced and is rectangular (bending about 
a diagonal), circular, octagonal, or has any of the symmetrical shapes given in Table 64, 
the area of A and the modulus Z c of the concrete section can be obtained from the 
data given in the table. The additional area A a and the additional modulus Za due 

to the reinforcement are given by A a = {m — 1 )Z8A C and Z A — — — ^ Zh 2 .dA c , 
where 6 A e is the area of a bar or group of bars placed at a distance h from the centroid 
of the section. Thus A e = A c + A a and Z = Z c + Za\ the maximum and minimum 

N M 

compressive stresses in the concrete are given by ± . The limit for this case is 

A g Z 

M Z 

when jj — -j-. For other common sections the expressions for the effective area 
and modulus in Tables 65A and 65B can be used. 

Compressive and Tensile Stresses. — When the stress f chimin.) determined in the 
preceding paragraph is negative or exceeds the permissible tensile stress, or when 
e is so large compared with D that the simultaneous production of compressive and 
tensile stresses can be assumed at the outset, the total tension should be resisted by 
the reinforcement only. In this case it is necessary to select a trial position of the 
neutral plane, either after consideration of the maximum permissible stresses or 
otherwise, and to plot the plane on a diagram of the section drawn to scale, as indicated 
in the diagram in Table 85. Next find the position of the centre of tension below the 
top edge of the section. The next stage is to divide the compression area above the 
neutral plane into a number of narrow horizontal strips. The depth 8x of each of 
these strips need not be the same, as any regularity in the conformation of the section 
may suggest convenient subdivisions. When the strips are of equal depth, or when 
the section is symmetrical or hollow, simplifications should be readily perceived. For 
each strip determine the factors a and x n . The position of the centre of compression 
below the top edge can then be found. The distance x of the centroid of the stressed 
area below the compressed edge of the section can now be evaluated, and the maximum 
compressive and tensile stresses can be calculated from the formulae in Table 85. The 
value of corresponding to these stresses should be compared with the assumed 
value, and if necessary a second trial should be made. The values of p a and a for 
individual bars or groups of bars and for individual compression strips are not affected 
by the value of n v An example of the application of this method is given at the 
bottom of Table 85. 
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Bending combined with Tension (Modular-ratio Method). 

When e is less than l as — x '. — If the distance between the centroids of the reinforce- 
ment on opposite faces of any member is l a9 , and if e is measured about the centroid 
of the combined reinforcement, as shown in the diagram at the top of Table 89, then 
if e does not exceed las — the stresses are wholly tensile. The average stresses in 
the group of bars near the face nearer the line of action of N and in the group of bars 
near the face remote from the line of action of N are given by the formula for f $ t x 
and fgt 2 respectively. The maximum stress in a bar depends upon the distance of 
the farthest bar in any group from the centroid of that group, and is given by the 
formula for fsmmax.) in the table. The expressions for f s ti and f s t% can be re-arranged 
to give the areas of reinforcement required for a specified permissible stress. 

Simplified formulae are given in Table 89 for this case for regular sections, such 
as rectangular sections in which the bars are in two rows only. Further simplification 
obtains if the area of the bars in each row are equal, as also given in Table 89. 

Rectangular Section: When e is greater than l as — and less than i£ d v — This is 
the general case, and the method of treatment is similar to that given previously for 
combined bending moment and direct thrust, modifications being introduced to allow 
for the difference between a direct thrust and a direct pull as given in the lower part 
of Table 89; the factors J , G, and H can be obtained from Table 86. 

When the section is reinforced in tension only, H = o and the formulae for the 
maximum stresses are 


fcb — 


NL 

bd x G 


and 


, M + N 


When designing a member to resist a bending moment and a direct tension an 
approximate method is as follows. If compression reinforcement is not likely to be 

NL 

required, assume d x (and d) and determine the minimum breadth from b = pT^d G ’ 
where G is calculated (or read from Table 86) from the value of n x corresponding to 
the permissible stresses. If the value of b is unsatisfactory, d x should be adjusted or 
compression reinforcement added. The area of the tension reinforcement required 

u A PcbJ 4 - N 
is given by A st = . 

For a singly-reinforced slab subject to a bending moment and a direct tension, 
such as the wall or bottom of a tank or bunker, a simple approximate procedure is 
given at the bottom of Table 89. Determine the eccentricity e 8 of the line of action of 
the direct tension from the centre of the tensile reinforcement. The total tensile 


reinforcement required is given 



The value of d x (and d) is that 


required to resist the bending moment acting alone, and the value of the lever 
arm l a is that corresponding to the permissible stresses. 

In designing a member in which compression reinforcement is required, first 
assume or otherwise determine suitable values of b and d x , and with these values and 
the allowable maximum stresses determine the area of compression reinforcement from 

A 8C = — !=— — M l g\ The area of tensile reinforcement is found from 

Tllas'Pcb ' 


A 9t = - — — . For this method L can be based on f — \d, but in 

Pit 

important members the stresses should be checked by using the calculated value of X. 
If it is necessary to reduce the amount of compression reinforcement, this can 
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often be effected by reducing fa and thus increasing n v Generally in problems of 
bending and direct tension the tension is the deciding factor, and a more economical 
member can be obtained by decreasing the stress in the concrete. 

Rectangular Section: When e is greater than i \d x . — The determination of the 
approximate stresses in this case is similar to that described for the corresponding 
case for combined bending moment and direct thrust. The stresses are first computed 
for the bending moment acting alone. The next step is to evaluate f c and deduct 
fc from the stress in the concrete and add mf c to the tensile stress in the reinforcement 
to obtain the maximum stresses in the concrete and steel, f c being obtained from 
the expression given for this case near the bottom of Table 89. 

To design a member, such as a slab with tensile reinforcement only, the following 
approximate method is applicable. The depth or thickness d, and the breadth b in 
the case of a beam, are determined for the bending moment acting alone. Evaluate 
the eccentricity e 8 about the tensile reinforcement. The area of tensile reinforcement 
required is given by substitution in the formula given at the bottom of Table 89 in 
which l a is the lever-arm of the section designed for bending only. 

Any Section: Compressive and Tensile Stresses . — With the modifications necessary 
to allow for N being a pull instead of a thrust, the method given for the corresponding 
case for combined bending moment and direct thrust can be applied to the determina- 
tion of the stresses on any section that cannot be treated as rectangular. A trial 
position for the neutral plane is taken and the part of the section above the neutral 
plane is divided into a number of narrow horizontal strips as in the diagram in Table 89. 
The values of R, p t , x, p c , x n and a are determined and substituted in the formulae 
for the maximum stresses given in the table. If the value of d n corresponding to these 
stresses is approximately equal to that assumed, the stresses are approximately the 
maximum stresses produced by the applied bending moment and direct tension. If 
the difference between the calculated and trial values of d n is great, a second trial 
value must be selected and the summations revised by taking in a greater or smaller 
number of strips to accord with the different value of d n . 

Position of the Neutral Plane. 

The accuracy of the results of some of the methods described in the foregoing 
and the labour entailed in arriving at these results depend upon the accuracy with 
which the position of the neutral plane is selected. From a consideration of the 
member and the forces acting upon it, it is possible to assume a value for d n very 
close to that corresponding to the calculated stresses. The maximum stresses for 
which the section has been designed may indicate a reasonable value of d n for the 
first trial, or consideration can be given to the ratio of stresses for bending only as 
determined by the proportion of tensile reinforcement. The selected value of d n 
should differ from the value for bending alone in accordance with the following rules. 
For bending and compression, the selected value of d n should be greater than the 

value for bending alone, the difference increasing as ■— or ^ or decreases. For 

bending and tension, the selected value of d n should be less than the value for bending 

tee 

alone, the difference decreasing as or ^ or j- increases. If the difference between 

the first assumed value, say d ni , and the value corresponding to the calculated stresses, 
say d n$t is such that it is necessary to select another value, say d n2 , intermediate 
between d ni and d ni , the following considerations apply. For bending and com- 
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pression, the value of d n2 should be nearer d n8 than it is to d nv For bending and 
tension, the value of d n2 should be nearer d m than it is to d n8 . 


Columns subjected to Bending: Load-factor Method. 

A load-factor method of designing columns subjected to bending, which is 
applicable to all similar members, is recommended in B.S Code No. 114, and formulae 
and procedures based on this method are given in Table 88 and examples are given 
on the page facing the table. Since columns subjected to concentric load (no bending) 
are in general designed by a load-factor method, it is reasonable to apply a similar 
method to columns subjected to bending instead of changing to the modular-ratio 
method when bending occurs. The load-factor method in the Code applies directly 
only to rectangular columns with symmetrical reinforcement. It can be used for 
checking designs of columns, but it cannot be readily applied to the direct design of 
columns subjected to bending because many of the factors are related to the dimensions 
and other properties of the cross-section of the column. 


Notation. 


sectional area of reinforcement at each of the two opposite faces normal 
to the plane of bending, A 8C — 2 A 8CV 
b = breadth of column. 

d = overall “ depth ” of column. d x = “ effective depth ** of column ( d — d 2 ). 
d 2 — distance from face of concrete to centre of adjacent reinforcement (fid). 

E s — secant modulus of elasticity of the steel at a tensile stress of 2 p s t (30 x io* lb. 
per sq. in. for mild steel). 

M 


eccentricity of applied load N 


eb 


N if M is the applied bending moment J ; 
this eccentricity and eb are measured about the centroid of the gross section, 
limiting eccentricity of limiting eccentric load P&. 

K\ — the intensity of the safe load at eccentricity e for Case I. Ku — (^). 

the intensity of the safe load at eccentricity e for Case II. Kb = (^)* 

the intensity of the limiting eccentric load. K 0 = (^)» the intensity of the 
safe eccentric load. 

N = working load applied at eccentricity e. 

P = maximum safe eccentric load on a short column at eccentricity e; — Pi when 
N < Pb ', — Pn when N > P b . Pb = limiting eccentric load on a short 
column at limiting eccentricity eb . P 0 = maximum safe concentric load on 
a short column. 

p cc == direct compressive stress permissible in concrete. p 8c — compressive stress 
permissible in reinforcement. p 8t = tensile stress permissible in reinforce- 
ment. 

r = ratio of cross-sectional area of reinforcement (at the two opposite faces normal 
to the plane of bending) to gross cross-sectional area of column (= 

Limiting Load and Limiting Eccentricity. — The preliminary stage in the 
calculation of the safe eccentric load on a column of given size and with specified 
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reinforcement is the determination of the limiting eccentric load P& on the column, 
and the corresponding limiting eccentricity e &. Then, if the load N applied at eccen- 
tricity e is less than the limiting load P&, the safe load P at eccentricity e is determined 
by the tensile resistance of the column. If the load N applied at eccentricity e is not 
less than the limiting load Pt>, the safe load P at eccentricity e is determined by the 
compressive resistance of the column and is related to the maximum safe concentric 


exceed the safe eccentric load P calculated for the condition obtaining. 

The following formulae apply. 

85,000 

p» = PcMiX —A, ci (p,t - p sc) in which X 6op, ( xTo« : 


100,000 + 


Pb — Kbbd in which = 


"PccX{ I -/i) - {pit -pic)- 


1 

ei ~ T^' cbd 1 S * (I - °-5^) + As^p.d^-d,)] - 
or g = E[(L ± 'Ml ~ »/J _ (I _ V|) ] . . (B) 

Case I. — Applied Load less than Pb. — If the applied load N acting at eccen- 
tricity e is less than Pb, the tensile resistance determines the strength of the member, 
and the maximum safe load that can be applied at eccentricity e is given by 




+ t + y (4 


in which Y — 


These formulae can be rewritten as follows. 


Maximum safe load (at eccentricity e) = Pi = K\bd in which K\ is the intensity 
of the maximum safe load (at eccentricity e) and is given by 


*■(- 3 ) 


w + (■ - 1/,)^' + n»o -/,) - i'] 

Pcc 


where U = - — ^ — Y. The applied load N must not exceed P v 

Case II. — Applied Load greater than P&. — When the applied load N is greater 
than Pb, the compressive resistance determines the strength of the member, and the 

Pj 

maximum safe load P which can be applied at eccentricity e is P = / p \ e * 


( p -a _ 

\Pt >e„ 


in which p 0 is the safe concentric load on a short column, that is 

Pq —pCC-Ac + Psc-Agc- 
These formulae can be rewritten as follows. 

Maximum safe concentric load on a short column = P 0 = K 0 bd, in which K 0 is 
the intensity of the maximum safe concentric load on a short column and is given by 


K°(— = pcc + r{psc — pcc)- 
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Maximum safe load (at eccentricity e) = P n = K n bd, in which Kn is the 
intensity of the maximum safe load (at eccentricity e) and is given by 



The applied load N must not exceed Pn. 

Special Formulae and Factors. — Under conditions excluding the effects of 
wind, the permissible stresses in mild steel bars not exceeding ij in. diameter are 
20,000 lb. in tension and 18,000 lb. per square inch in compression. For bars exceeding 
i£ in. diameter the corresponding stresses are 18,000 lb and 16,000 lb. per square inch. 
If the effects of wind are included in the calculations of the loads and bending moments 
(and therefore the eccentricities) these stresses may be increased by 25 per cent. The 
elastic modulus for mild steel is 30,000,000 lb. per square inch. The stress coefficients 
X and Y are non-dimensional. Therefore for mild steel bars not exceeding i| in. 

diameter and excluding the effects of wind, X = 0-607 and Y = IQ -°^ . If the 

Pcc 

stresses and coefficients are substituted in the general formulae (A) for Kb, (B) for ~ 

and (C) the formulae (A), (B) and (C) series (1) to (4) in the upper part of 

Table 88 are obtained; series (1) and (3) apply when the effects of wind are not included, 
and series (2) and (4) apply when these effects are included. Similarly series (1) and 
(2) apply to bars not exceeding 1^ in. diameter, and series (3) and (4) to larger bars. 
Series (1) apply to the conditions most common for the columns of a building frame, 
and for these conditions the numerical factors are as given in the lower part of Table 88 
and include the preliminary factor Kj and the short-column concentric-load factor 
K 0 for various proportions of mild steel reinforcement with the common range of 
cover ratios, and for ordinary-quality 1:2:4 concrete. This part of Table 88 also 
gives values of the safe eccentric load factors K\ for Case I when the applied load is 
less than the limiting eccentric load P b . The safe eccentric load for Case II, when the 
applied load is greater than the limiting eccentric load, is calculated readily by direct 
substitution in formula (D) which is applicable to all conditions of design. 

The permissible stress in high-yield-stress bars is half the yield stress, but with 
limiting stresses of 30,000 lb. per square inch in tension and 23,000 lb. per square inch 
in compression. If the effects of wind are included the stresses can be increased by 
25 per cent, but must not exceed 30,000 lb. per square inch; therefore the maximum 
permissible stresses when effects of wind are included are 30,000 lb. per square inch 
in tension and 28,750 lb. per square inch in compression. These stresses apply to 
bars having a yield stress of not less than 60,000 lb. per square inch. Formulae (A), 
(B) and (C) series (5) excluding wind, and series (6) including wind, in Table 88, are 
derived by substituting the foregoing stresses in formulae (A), (B) and (C). The elastic 
modulus of cold-worked bars depends on the method of manufacture and other condi- 
tions; a suitable value should be determined by tests of bars of the type to be used. 
For preliminary designs a modulus of 15 x io« lb. per square inch is reasonable. 

Design Procedure. — The design procedure in accordance with the load-factor 
method is as follows, (i) Select a reasonable trial section, (ii) Compare the cal- 
culated safe eccentric load with the applied eccentric load, (iii) Make adjustments 
to the trial section if it is inadequate or too large or contains too much reinforcement. 
The examples on the page facing Table 88 show the application of this procedure. 
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Bending Moments about Two Axes. 

Some methods of calculating the stresses when a section is subjected to bending 
moments M and M 1 acting about each of the two axes mutually at right-angles simul- 
taneously with a concentric compressive load N are given in Table go. The two cases 
of when the stresses are entirely compressive, and when tensile and compressive 
stresses are produced, are considered. The method in the former case is accurate, 
but the method in the latter case is approximate and applies only if M is much greater 
than M v If M and M x are more nearly equal, a semi-graphical method, which is 
only worth while for important members, can be applied by combining vectorially 
M and M x to obtain the resultant moment Mr. Assume a position of the neutral 
plane, which will be at right-angles to the plane of action of Mr and proceed as 
described for the irregular section in Table 85. The foregoing procedures are based 
on the modular-ratio method. 

Combination of Stresses acting in Different Directions. 

If three stresses act on a square element of uncracked concrete the principal 
tensile and compressive stresses, mutually at right-angles, are given by substitution 
in the general formulae in Table 90; the plane in which the principal tensile stress acts 
can also be established. The general formulae apply if a tensile stress acts normal 
to one face of the element, a tensile stress acts normal to an adjacent face, and a 
shearing stress acts in the plane of the element. If either of the direct stresses are 
compressive, the sign of the appropriate term in the formula is changed. Formulae 
are also given for cases in which one or both of the direct stresses are compressive 
or do not act. 



SECTION 5 

STRUCTURES AND FOUNDATIONS 

The loads and consequent bending moments and forces on the principal types of 
structural components, and the stresses in, and resistances of, these components are 
dealt with in the preceding sections. In this section some complete structures, which 
are mainly assemblies or special cases of such components, and their foundations are 
considered. 


Buildings. 

A building may be constructed entirely of reinforced concrete or the roof, floors, 
walls, stairs and foundations, or one or more of these parts, may be of reinforced 
concrete in conjunction with a steel frame. Alternatively, the interior and exterior 
walls may be of cast-insitu reinforced concrete and support the floors and roof, the 
columns and beams being formed in the thickness of the walls. In the following are 
given some notes relating to the design of building components. 

Floors. — Concrete floors may be of monolithic beam-and-slab (with the slabs 
spanning in one or two directions), flat-slab, or hollow-slab construction, or may be 
of precast slabs supported on cast-insitu or precast concrete beams. Some typical 
details of beams and solid slabs, and hollow-block slabs are given in Appendix II. 
(B.S. Code No. 114 gives recommendations for the design and construction of floors 
and flat roofs comprising hollow blocks, ribbed slabs, and precast slabs.) 

Openings in Slabs. — The slabs around openings in floors or roofs should be 
strengthened with extra reinforcement, unless the opening is large compared with 
the span of the slab (for example, stair-wells or lift-wells) in which case beams should 
be provided around the opening. For small openings in solid slabs the cross-sectional 
area of the extra bars placed parallel to the principal reinforcement should be at 
least equal to the area of principal reinforcement interrupted by the opening. A 
bar should be placed diagonally across each corner of an opening. 

Holes for pipes, ducts, and other services should be formed when the floor is 
constructed and it should not be permitted to cut such holes afterwards, unless done 
under the supervision of a competent engineer. It is therefore an advantage to 
provide, at the time of construction, a number of holes that can be used for electric 
conduits and small pipes, even when they are not required for the known services. 
Suitable positions are through floor slabs in the corners of rooms or corridors, and 
through the ribs of beams immediately below the slab. 

Hollow-block Slabs. — If the span of a floor or roof slab exceeds 10 ft. it is 
often economical to provide a hollow-block slab, which is light in weight and requires 
less concrete than a solid slab. Such a floor consists of a thin top slab (ij in. to 3^ in. 
thick) overlying concrete ribs. The ribs may be at 6-in. to 36-in. centres and may be 
from 2 % to 5 in. wide. The spaces between the ribs may be left open, but in order to 
simplify the shuttering they are frequently filled with hollow blocks of burnt clay or 
lightweight concrete. The combined depth of the rib and slab is determined in the 
same way as the depth of a solid slab, and the thickness of the top slab is made sufficient 
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to provide adequate compressive area. The width of the rib is primarily determined 
by the shearing force. Alternative designs of hollow-block slabs are given in Appen- 
dix II. Weights of solid and hollow-block slabs are in Table i. The principal require- 
ments of B.S. Code No. 114 are that the thickness of the top slab be not less than 
one-twelfth of the distance between ribs, with a minimum of 2 in. but, if the blocks 
are assumed to add to the strength of the construction and the clear distance between 
the ribs does not exceed 18 in., the top slab should be not less than 1 in. thick. The 
distance between the centres of the ribs should not exceed 3 ft. The width of a rib 
should be not less than 2^ in. or one- third of its depth ; for resistance to shearing, the 
effective width of the rib is assumed to be the actual width plus the thickness of one 
wall of the block. 

Stairs. — Stairs can be designed to span transversely (that is, across the flight) 
or longitudinally (that is, in the direction of the flight). When spanning transversely 
supports must be provided on both sides of the flight, either by walls or stringer beams. 
In this case the waist or thinnest part of the stair construction need be only, say, 
2 in. thick, the effective lever-arm for resisting the bending moment being about 
one-half the maximum thickness from the nose to the soffit measured normal to the 
soffit. When the slab spans longitudinally the thickness required to resist bending 
determines the thickness of the waist. The loads for which a flight of stairs should 
be designed are described on page 9. The bending moments should be calculated 
from the total weight of the stairs and the total imposed load combined with the 
horizontal span. The stresses produced by the longitudinal thrust are small and are 
generally neglected. Unless circumstances otherwise dictate, a suitable shape for 
a step is 7-in. rise with 10- in going, which with i-in. nosing or undercut gives a tread 
of 11 in.; stairs in industrial buildings may be steeper. 

Recommendations for the design of stairs and landings are given in the B.S. Code. 

Reference should be made to other publications for the design of helical stairs. 

Flat Roofs. — A flat reinforced concrete roof is designed similarly to a floor and 
may be a simple solid slab, or beam-and-slab construction, or a flat slab. In beam- 
and-slab construction the slab may be a solid cast-insitu slab, a hollow-block slab, or 
a precast concrete slab. A watertight covering, such as asphalt or bituminous felt, 
is generally necessary, and with a solid slab some form of thermal insulation may be 
required. The watertight covering is sometimes omitted from a flat solid slab forming 
the roof of an industrial building, but in such a case the concrete should be particularly 
dense, and the slab should be not less than 4 in. thick and should be laid to a slope 
of at least 3 in. in 10 ft. to expedite the discharge of rainwater. Sodium silicate or 
tar, well brushed into the surface of the concrete, will improve the watertightness if 
there are no cracks in the slab. 

For ordinary buildings the slab of a flat roof is generally built level and the slope 
for draining, often about 1 in. in 10 ft., is formed by a mortar topping. The topping 
is laid directly on the concrete and below the asphalt or other watertight covering, 
and may form the thermal insulation if it is made of sufficient thickness and of light- 
weight concrete of low thermal conductivity. 

Sloping Roofs. — Planar slabs with a continuous steep slope are not common 
in reinforced concrete, except for mansard roofs, the covering of pitched roofs being 
generally metal or asbestos-cement sheeting, glass, wood-wool slabs, or other light- 
weight material. Such coverings and roof glazing require purlins for their support 
and, although the purlins are frequently of steel, reinforced concrete purlins, which 
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may be either cast-insitu or more commonly precast, are provided especially if the 
roof structure is of reinforced concrete. 

Precast Concrete Purlins. — The size of a precast concrete purlin depends not 
so much on the stresses due to bending as on the deflection. Excessive deflection, 
although not necessarily a sign of structural weakness, may lead to defects in the roof 
covering. The shape of the purlin should be such that lightness is combined with 
resistance to bending, not only in a vertical plane but also in a direction parallel to 
the slope of the roof. An ell-shape, which is often used, is efficient in these respects, 
but a wedge-shape is often less costly to make for small spans. The weight of a precast 
concrete purlin may be excessive for spans over 15 ft. The dimensions depend on 
the span and the load, and for purlins spaced at 4 ft. 6 in. centres and carrying ordinary 
roof sheeting and spanning 15 ft. suitable sizes are 5 in. for the width across the top 
flange and 8 in. for the overall depth. For a span of 10 ft. the corresponding dimensions 
are 4^ in. and 6 in. For purlins on sloping roofs, the vertical weights and the wind 
pressure normal to the slope of the roof should be combined vectorially before com- 
puting the bending moment. The stresses should then be calculated with the neutral 
plane normal to the line of action of the resultant load. A semi-graphical method, as 
described in Table 85, is most suitable for the calculation of the stresses. 

The purlins may be supported on cast-insitu or precast concrete frames or rafters. 
If the rafters are cast insitu the ends of the purlins can often be embedded in the 
rafters so as to obtain some fixity, which increases the stiffness of the purlin. If the 
rafters are of precast concrete, the type of fixing of the purlin is generally such that 
the purlin should be designed as freely supported. 

Non-planar Roofs. — Roofs which are not planar, other than the simple pitched 
roofs considered in the foregoing, may be constructed in the form of a series of planar 
slabs (prismatic or hipped-plate construction), or as domes or vaults (segmental or 
cylindrical shells). The elementary analysis of such structural forms is given in 
Table 91, but reference should be made to other publications for more comprehensive 
analyses and more complex designs. Notes on the matter given in Table 91 are given 
on the page facing the table. 

In Table 97 expressions are given for the forces in domed slabs such as are used 
for the bottoms and roofs of cylindrical tanks. In a building a domed roof has 
generally a much larger ratio of rise to span and, when the dome is part of a spherical 
surface and has an approximately uniform thickness throughout, the analysis in 
Table 91 applies. Shallow segmental domes and truncated conical “ domes " are 
also dealt with in Table 91. 

Segmental or semi-cylindrical roofs are generally designed as shell structures. 
A thin curved slab acting as a shell is assumed to offer no resistance to bending and 
not to deform under distributed loads. Except near the edge and end stiffeners, it is 
subjected only to direct “ membrane " forces, namely, a direct force acting longitud- 
inally in the plane of the slab, a direct force acting tangentially to the curve of the 
slab, and a shearing force. The membrane forces per unit length of the slab of a 
segmental shell roof, supported at the ends only, are given by the formulae in Table 91. 

Panel Walls. — Panel walls filling in the structural frame and not designed to 
carry loads (other than ordinary wind pressures) should be not less than 4 in. thick 
(for constructional reasons), and should be reinforced with not less than J-in. mild 
steel bars spaced at 6-in. centres or the equivalent in bars of other sizes but at not 
more than 1 2-in. centres (or an equivalent fabric) ; this reinforcement should be provided 
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in one layer in the middle of the wall. Bars £ in. or more in diameter should be placed 
above and at the sides of openings, and J-in. bars 4 ft. long should be placed diagonally 
across the corners of openings. The slab must be strong enough to resist the bending 
moments due to spanning between the members of the frame. The connections to 
the frame must be strong enough to transfer the pressures on the panel to the frame 
either by bearing, if the panel is set in rebates in the members of the frame, or by the 
resistance to shearing of reinforcement projecting from the frame into the panel. 
A bearing is preferable since the panel can be completely free from the frame and 
therefore not subjected to secondary stresses due to deformation of the frame nor is 
the connection between the panel and the frame subjected to tensile stresses due to 
contraction of the panel caused by shrinkage of the concrete or thermal changes. 
By setting the panel in a chase the connection is also lightproof. The wind pressure 
which a panel wall should be designed to resist is a pressure or suction of o*8 p as 
given in Table 8. If not rigidly connected to the frame the panel of slab should 
be designated as a slab spanning in two directions without the corners being held 
down (see Table 38). 

Load-bearing Walls. — B.S. Codes Nos. 114, 111, and 123 — 101 give recom- 
mendations for load-bearing walls which are summarised in the following. The 
requirements of the London By-laws are less conservative and should be consulted 
where applicable. 

Walls exposed to the weather should be not less than 6 in. thick, but in other 
cases not less than 4 in. thick. Party walls should, for acoustical reasons, be cavity 
walls. A load-bearing reinforced concrete wall should be designed as a column, but 
the minimum cross-sectional area of the vertical reinforcement need not be less than 
o*2 per cent, of the area of the horizontal cross-sections of the wall, and horizontal 
reinforcement should be provided, the cross-sectional area of which should be not 
less than 0-2 per cent, of the area of the vertical cross-section. If the concrete alone 
can carry the imposed load, without assistance from the vertical bars, lateral reinforce- 
ment tying in the vertical bars is not required, and the minimum amount of vertical 
reinforcement is 0-2 per cent, and of horizontal reinforcement o*i per cent. If the 


Reinforcement in Load-Bearing Walls. 


Thick- 

ness 

of 

Minimum reinforcement (Area) 

Applicability 

o*i per cent. 

o*2 per cent. 

- I 

1 o- 1 per cent. 

0'2 per cent. 

(in.) 

Total 

On each face 

Total 

On each face 

Horizontal bars 

Horizontal bars if 




W m * 


if vertical bars 

vertical bars are 






are not taken 

taken into account 

4 

0*048 

& in. at 12 in. 

0*096 

£in. at 12 in. 

into account 

(Code No. 1 14) 

5 

0*060 

Jin. at 18 in. 

0*120 

ft m. at 15 in. 

(Code No. 1 1 4) 

Vertical bars for all 

6 

0*072 

Jin. at 15 in. 

0*144 

ft in. at 12 in. 


cases. 

7 

0*084 

|m. at 13^ in. 

0*168 

fin. at 15 m. 


(Codes Nos. 114 and 

8 

0*096 

| in. at 12 in. 

0*192 

| in. at 13^ in. 


111-201) 

9 

0*1 08 

•ft in. at i6£ in. 

0*216 

| in. at 12 in. 


Horizontal bars 







(Code No. 111-201) 


Notes, (i) — Area of reinforcement is percentage of cross-sectional area of wall. 
(2) — “ Total ” is cross-sectional area of reinforcement in sq. in. per foot length or height of 
wall taking into account bars on both faces of wall. (3) — If wall is reinforced by a single 
layer of bars, the spacings given in the table should be halved. 
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load on the wall is such that the resistance of the vertical bars is required, it is necessary 
to provide transverse ties or crimped horizontal bars additional to the horizontal 
reinforcement ; the spacing of the ties should be such that the vertical bars are restrained 
at points not more than twelve times their diameter apart. The minimum reinforce- 
ment in walls of various thicknesses is given in the table on page 90. The minimum 
amount of reinforcement recommended in B.S. Code No. 114 may be insufficient to 
resist the effects of temperature and shrinkage, to withstand which the minimum 
reinforcement recommended in B.S. Code No. in— 201 should be provided; the effect 
of the method of construction on the shrinkage stresses and the degree of exposure 
as it affects the probable thermal changes should be considered. 

The load-carrying capacity of a reinforced concrete wall depends on the ratio 
of the effective height H e of the wall to the effective thickness D e which is the actual 
thickness D of a solid wall or, if the wall is stiffened by pilasters, D e may exceed jD; 
if P x is the ratio of the distance between the centres of the pilasters to the width of 
the pilasters, and P 2 is the ratio of the overall thickness of the pilaster to D, empirical 
values of D e from which intermediate values can be interpolated are as follows. 



6 

8 

10 

1 5 

P a = 2 

1*4 D 

i*3 D 

1-2 D 

i-iD 

^2 = 3 

2*0 D 

i*7 D 

1-4 D 

1*2 D 


If P a = 1 or is 2° or more, D = D e . The ratio y.- should not exceed 24. If 

■is e 

this ratio exceeds 15, the permissible compressive stress in the concrete (and also in 
the vertical reinforcement if this is taken into account) should be reduced in accordance 
with the rules given in Table 83. The effective height H e of a wall is calculated in 
the same way as the effective length Le of a column as described on page 296, but 
if the wall is stiffened by cross walls or pilasters and the distance between the cross 
walls or pilasters is less than H e , this distance may be substituted for H e . The safe 
load calculated for a column may be increased for walls that are long compared with 
their height, that is if the length L is two or more times the story height H, the safe 
load (or the permissible stresses) may be increased by 20 per cent., and by 10 per cent, 
if L = H; there is no increase if the length is two-thirds or less of the story height. 
In this consideration L is the overall length or, if there are openings in the wall, the 
length between adjacent openings. 

Walls subjected to Bending . — A reinforced concrete wall subjected to bending 
should be designed in accordance with the requirements for columns under similar 
conditions. Where floor beams are monolithic with walls, with or without pilasters, 
the bending moments on the wall (and at the ends of the beams) can be calculated 
by the formulae for columns. The bending moment and load from the beam may be 
concentrated immediately around the junction of the beam and wall (or pilaster), 
but will be dispersed through the wall. The angle of dispersion in a concrete wall, 
as specified in B S. Code No. in, is 45 deg. ; it is reasonable to distribute the bending 
moments to the same extent. 

Bridges. 

Types of Bridges. — A bridge may be one of two principal types, namely, an 
arch bridge or a girder bridge, and either of these types may be statically determinate 

G 
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or statically indeterminate. The basic types of bridges are illustrated in Table 93. 
A bowstring girder is a special type of arch, and a rigid-frame bridge can be considered 
as a type of girder or arch bridge. 

The selection of the type in any particular instance depends principally on the 
span, the nature of the foundation, and the clearance required. It may be that more 
than one type is suitable, in which case the economy of one over the others may be 
the deciding factor. If a bridge is fairly high above the railway, road, or waterway, 
an arch is generally the most suitable if the ratio of the span to the rise does not 
greatly exceed ten and if the foundation is able to resist the inclined forces from the 
arch. If settlement of the foundation is probable, an arch provided with hinges can 
be used but the ratio of the span to the rise should not greatly exceed five. For other 
conditions a girder bridge is more suitable; although some girder bridges have the 
appearance of solid-spandrel arches, they are not arches as they are designed so as not 
to impose any horizontal thrust on the abutments or piers. In a bowstring-girder 
bridge, which has the advantages of an arch but does not require the same rigidity 
in the foundation, the deck is at the level of the springing of the arch and is therefore 
suitable when the level of the deck is not much above the level of the waterway, road, 
or railway that is spanned. “ Memorandum on Bridge Design and Construction ” 
issued by the Ministry of Transport gives guidance on most aspects of the subject 
of the general design of bridges and the selection of type. 

Loads. — The live loads on road and railway bridges are described on pages 11 
and 12. Particulars of the Ministry of Transport loading on road bridges, the weights 
of typical road and rail vehicles, and the loading requirements of B S. No. 153 (Part 3 a) 
for reinforced concrete decks of steel bridges are given in Table 6. Notes on the 
foregoing are on the page facing the table. 

Deck. — The design of the deck of a reinforced concrete bridge is almost inde- 
pendent of the type of the bridge. Some typical cross-sections are given in Table 93. 
In the simplest case the deck is a reinforced concrete slab spanning between the abut- 
ments and bearing freely thereon, as in a freely-supported type of bridge, or built 
monolithically therewith as in a rigid-frame bridge. This type of deck is suitable 
only for small spans, say, up to 15 ft. The more common case is for the main arches 
or girders to support a reinforced concrete slab that spans transversely between these 
principal members. If the latter are spaced at more than, say, 7 ft., an economical 
deck is provided by inserting transverse beams and designing the slab to span in two 
directions. In a solid-spandrel arch bridge with earth filling, the deck may be a con- 
crete slab laid on the filling. A deck common in bridges of large span is one of cellular 
construction in which the road forms the top slab and a soffit slab forms the bottom 
of a series of boxes, the sides of which are the longitudinal arch ribs or girders. 

The underside of the deck of a bridge over a railway should have a flat soffit, 
thereby avoiding pockets in which smoke may collect. For such bridges the corrosion 
of the concrete by the smoke from steam locomotives has to be prevented. Smoke- 
guards may not entirely protect the structure. A dense concrete, free from cracks 
through which the fumes can reach and attack the steel reinforcement, is necessary. 
The cover of concrete should be greater than that provided in buildings, and the 
tensile stresses in the concrete should be calculated and limited in value, as in liquid- 
containing structures. 

A bridge less than 15 ft. wide is often economical if the deck slab spans transversely 
between two outer longitudinal girders. These girders may be the parapets of the 
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bridge, but for major structures the parapets should not be used as principal structural 
members. If the width of the bridge exceeds 15 ft., an economical design is produced 
by providing several longitudinal girders or arch ribs spaced at about 7-ft. centres. 

Footpaths are sometimes cantilevered off the principal part of the bridge. Water, 
gas, electrical and other services are generally installed in a duct under the footpaths. 

Clearances. — The approximate clearances required for a bridge over a railway 
or road and for subways are given in Table 92. Other clearances may be required 
for railways and roads abroad, and in some instances in Britain. As each railway 
has its own structure-gauge such requirements are generally specified, as are also 
the requirements of the navigation authorities for bridges over rivers and canals. 

The diagram for a double line of railway in Table 92 illustrates the minimum 
desirable clearances required by the Ministry of Transport, but for curved lines these 
clearances may have to be increased to allow for curvature and superelevation of the 
line and for the length of the rolling stock. For a new bridge or a bridge being rebuilt, 
the lateral clearance, after making these allowances, should be not less than 2 ft. 4 in. 
from the widest part of the broadest vehicle likely to use the line. Except where 
platforms occur, the clearance of 2 ft. 4 in. must extend for the full height from rail 
level to the top of the highest carriage-door. The overhead clearance (except for under- 
ground railways or for railways having electric traction with overhead equipment) 
should be 12 in. above the loading gauge, allowance being made for superelevation. 

Parapets.— The height of the parapets on an underline railway bridge should 
be 4 ft. 6 in. above the level of the rail, and should be solid for the whole height. If 
a check rail is provided in the track the parapet need be solid for a height of only 1 ft. 
above rail level, a guard rail being provided 4 ft. 6 in. above rail level. The height 
of the parapets of road bridges or foot-bridges over railways must not be less than 4 ft. 

Vertical Curves. — If a road bridge is constructed at a slightly higher level than 
the adjacent land, the approach roads often rise towards the centre of the bridge, 
where a vertical curve is formed to ease the change of gradient and to provide an 
adequate view of on-coming traffic. Proportions for such vertical parabolic curves 
m conformity with British practice are given on Table 92 The formulae for the 
sighting distance over the hump of the bridge is based on the level of the eye being 
3 ft. 9 in. above the crown of the road. 

Girder Bridges. — The types of girder bridges shown in Table 92 are classified 
on a structural basis. Some of the types shown are statically determinate, the excep- 
tions being the restrained and continuous beams, and the Vierendeel girder. The 
statically-determinate girders of two or more spans are made up of a series of elements 
each of which consists of a beam of one span with a cantilever at one or both ends. 
The junction between two adjacent elements is made by means of a freely-suspended 
span. To preserve freedom of movement and the condition of statical determinacy 
it is necessary that such girders should not be rigidly connected to the supporting piers 
or abutments; the beams should be free to rotate and, at all but one support for each 
element, the bearing should be free to slide. The formulae in Table 92 indicate some 
suitable lengths for the cantilevers in a bridge consisting of a series of equal spans. 
The bending moments and shearing forces are calculated by determining those for 
a freely-supported beam, and superimposing those due to the cantilever. For bridges 
designed for Ministry of Transport loading, the shearing force (lb ) at a point at a dis- 
tance aL from the centre of the span of a freely-supported girder of span L ft. is 
0-5 w a LB (a -f 0-5) 2 + 2700^(0*5 + a), where w a is the uniformly-distributed load 
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(lb. per square foot) for a loaded span of (0-5 + a)L, and B ft. is the spacing of the 
longitudinal girders. 

The foregoing articulated types of girder bridges are suitable when there is 
a probability of unequal settlement of the foundations. When unequal settlement 
of the foundations is not likely, a girder designed as a continuous beam is permissible. 
This type of girder may have a considerable variation of moment of inertia throughout 
each span, and it is necessary to adopt the formulae and methods described for this 
case in Table 19. If the girder is constructed monolithically with the supports, the 
effect of the fixity at the supports should be allowed for and the structure should 
be designed as a frame. 

An open-type bridge girder may be a lattice girder similar to the truss of a steel 
bridge and may have a single, double, or treble lattice. These trusses are generally 
analysed in the same way as a steel truss, assuming pin joints, but the rigidity of the 
joints in monolithic reinforced concrete construction largely invalidates this method 
of calculation. The Vierendeel truss, in which the panels are rectangular and the 
joints rigid, is more appropriate to construction in reinforced concrete. The accurate 
analysis of such a truss is complex, but a practical approximation is to calculate the 
shearing forces and consequent bending moments in each member and combine 
therewith the primary forces due to the general bending action. 

Frame Bridges. — Bridges incorporating portal frames are statically indeter- 
minate and three principal types are shown in Table 92. The frames, either slabs or 
ribs, may be hinged at the base or fixed. The simplest form of framed bridge is a rigid 
frame of one span; for small spans, say, up to 20 ft , the frame may be a slab forming 
the deck and the abutment wall without beams or counterforts. For larger spans the 
slab would span horizontally between beams and counterforts which together form 
the frame. The frame would be analysed as described in Tables 49 and 50. 

Arch Bridges. — The principal types of arch bridges are illustrated in Table 92 
and include arch ribs or arch slabs. In the case of the former type the deck is sup- 
ported on columns carried on the ribs or, in the case of a bridge with the deck below the 
level of the crown of the arch, the deck is partly supported on columns and partly 
suspended from the ribs. In the case of an arch slab, the deck is supported on earth 
filling deposited on the slab and retained by spandrel walls. Arch ribs or slabs may 
be three-hinged arches which are statically determinate, or two-hinge or fixed arches 
which are statically-indeterminate The design of hinged and fixed arches is dealt 
with in Tables 52 to 55, and is described on pages 43 et seq. 

Precast Concrete Bridges. — Where the erection of temporary falsework is 
prohibited and the working periods are limited, precast concrete can be used with 
advantage. Some types of bridges incorporating precast construction are given in 
Table 93. The piers and abutments are constructed first and precast concrete beams 
(or in some cases precast concrete arch ribs), which are generally I-beams, are erected 
thereon, being either spaced apart or laid closely together. A cast-msitu slab is 
generally laid on the beams. If the beams are spaced apart the slab forms the flange 
of a tee-beam of which the precast beam forms the rib, the two parts being bonded 
together by vertical bars projecting from the precast beam. The reinforcement in 
the precast concrete beam is calculated as the reinforcement required for a tee-beam 
carrying the total load, but the stresses induced while it is an independent member 
must be allowed for and must not be excessive. The stresses induced during erection 
can be kept low by selecting suitable positions for the attachment of the crane slings. 
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When precast concrete beams are laid together an interlocking device should be 
provided to distribute the live load over two or more beams to prevent one beam 
deflecting considerably more than the others. A thin cast-insitu reinforced concrete 
slab bonded to the top of the precast beams serves this purpose, and the combined 
construction is a single structural member. 

It should be noted that, due to its own weight, the weight of the shuttering, and 
the weight of the wet concrete in the superimposed slab, the precast beam will be 
strained before it can act as a beam of the full cross-section of the final structural 
member. The initial stresses so caused must be included in the calculation of the 
stresses caused by any further dead load and by the live load, although the additional 
stresses may be computed for a beam of increased size. 

Piers and Abutments. — The piers for girder bridges are generally subjected 
only to the vertical load due to the total loads on the girders, the abutments of girder 
bridges have to resist the vertical loads from the girders and the horizontal earth 
pressure on the back of the abutment. There may also be a horizontal force due to 
friction on bearings (see Table 91) and, in the case of railway bridges, a horizontal 
force due to braking, acceleration, etc. (see page 146) Continuity between the girders 
and the abutments is assumed in rigid-frame bridges, and consequently the foregoing 
forces on the abutment must be combined with the bending moments and horizontal 
thrusts due to action as a frame. 

The abutments of an arch bridge have to resist the vertical loads and the horizontal 
thrusts from the arch. Stability is obtained by constructing massive piers m plain 
concrete or masonry, or by providing tension and compression piles, or by a cellular 
reinforced concrete box filled with earth. Part of the horizontal thrust on the abut- 
ments will be resisted by the active earth pressure on the abutment, but in the case 
of fixed arches this pressure should be assumed to relieve the thrust from the arch 
only when complete assurance is possible that this pressure will always be effective. 
Adequate resistance to sliding should also be assured, and the buoyancy effect of 
foundations below water should be investigated. 

Mid-river piers, if not protected by independent fenders, should be designed to 
withstand blows from passing vessels or floating debris, and should be provided with 
cutwaters. 


Culverts and Subways. 

Pipe Culverts. — For conducting small streams or ditches under embankments, 
culverts can be constructed with precast reinforced concrete pipes, which must be 
strong enough to resist the vertical and horizontal pressures from the earth and other 
superimposed loads. The pipes should be laid on a bed of concrete, and where they 
pass under a road they should be surrounded with reinforced concrete at least 6 in. 
thick. The culvert should also be reinforced longitudinally to resist bending due to 
unequal vertical earth pressure or unequal settlement. Owing to the uncertainty of 
the magnitude and disposition of pressures on circular pipes embedded m the ground, 
accurate analysis of the bending moments is impracticable. A basic guide is that the 
positive bending moments at the top and bottom of a circular pipe of diameter D 
and the negative bending moments at the ends of a horizontal diameter are 0 062 5pD a , 
where p is intensity of downward pressure on the top and of upward pressure on the 
bottom, assuming the pressures to be uniformly distributed on a horizontal plane. 

Loads on Culverts. — The load on a pipe culvert, or on the top slab, includes 
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the weight of the earth, the imposed load (if any) , and the weight of the top slab. When 
a trench has been excavated in consolidated ground for the construction of the culvert 
and the depth from the surface of the ground to the roof of the culvert exceeds, say, 
three times the width of the culvert, it can be assumed that the maximum earth 
pressure on the culvert is that due to a depth of earth equal to three times the width 
of the culvert. Although a culvert passing under a newly-filled embankment may be 
subjected to more than the full weight of the earth above, there is little reliable informa- 
tion concerning the actual load carried, and therefore any reduction in load due to 
arching of the ground should be made with discretion. If there is no filling and wheels 
or other concentrated loads can bear directly on the culvert, the load should be con- 
sidered as carried on a certain length of the culvert. In the case of a box culvert, 
the length of the culvert supporting the load should be determined by the methods 
illustrated in Table 6. The concentration is modified if there is any filling above 
the culvert and, if the depth of filling is D*, a concentrated load W can be considered 
as spread over an area of 4J D*. When D x equals or slightly exceeds half the width 
of the culvert, the concentrated load is equivalent to a uniformly-distributed load of 


W 

lb. per square foot over a length of culvert equal to 2 D v For values of D x less 

4^i 

than half the width of the culvert, the bending moments will be between those due 
to a uniformly-distributed load and a central concentrated load. 

The weights of the walls of the culvert can be assumed to produce a uniform 
pressure on the ground. The weights of the bottom slab and the water in the culvert 
are carried directly on the ground below the slab and thus do not produce bending 
moments, although these weights must be taken into account when calculating the 
maximum pressure on the ground. The horizontal pressure due to the water in the 
culvert produces an internal triangular load or a trapezoidal load if the surface of the 
water outside the culvert is above the top, when there will also be an upward pressure 
on the underside of the top slab. The magnitude and distribution of the horizontal 
pressure due to the earth against the sides of the culvert can be calculated in accordance 
with the formulae given in Tables io, 11 and 12, consideration being given to the 
possibility of the ground becoming waterlogged with consequent increased pressures 
and the possibility of flotation. 

Bending Moments on Culverts. — The maximum bending moments can be 
calculated by considering the possible incidence of the loads and pressures. Generally 
there are only two conditions to consider: (a) Culvert empty: full load and surcharge 
on the top slab, the weight of the walls, and maximum earth pressure on the walls; 
(b) Culvert full: minimum load on the top slab, minimum earth pressure on the walls, 
weight of walls, maximum horizontal pressure from water in the culvert, and possible 
upward pressure on the top slab. In some circumstances these conditions may not 
produce the maximum positive or negative bending moments at any particular 
section, and the effect of every probable combination should be considered. The 
direct thrusts and tensions due to various loads should be combined with the bending 
moments to determine the maximum stresses. 

The bending moments produced in monolithic rectangular culverts are generally 
determined by considering the four slabs as a continuous beam of four spans with equal 
bending moments at the end supports. The load can be conveniently divided as follows : 
(a) A uniformly-distributed load on the top slab and an equal reaction from the 
ground below the bottom slab; ( b ) An imposed load on the top dab and an equally- 
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distributed reaction from the ground below the bottom slab; (c) Upward pressure 
on the bottom slab due to the weight of the walls; ( d ) A triangularly-distributed 
horizontal pressure on each wall due to the increase in earth pressure in the height 
of the culvert; (e) A uniformly-distributed horizontal pressure on each wall due to 
pressure from the earth and any surcharge above the level of the roof of the culvert; 
(/) The internal horizontal pressure from the contents of the culvert. These loads 
are indicated in Table 99 and the bending moments at the comers due to the various 
types of loading can be found from the formulae given in the table. These expressions 
are applicable when the thicknesses of the top slab and the bottom slab are about 
equal, but may be equal to or different from the thicknesses of the walls. 

For the bending moments due to the outward pressures from the water in the 
culvert, which are greatest when the culvert is entirely submerged, the formulae for 
the corresponding inward pressures can be used but with the sign changed. 

Subways. — A subway of rectangular cross-section is subjected to external earth 
pressures similar to those on a culvert and the formulae in Table 99 can be used for the 
purpose of calculating the bending moments. Internal pressures do not generally 
have to be considered. The minimum sizes for subways are given in Table 92. 

Bearings, Hinges, and Joints. 

In the construction of frames and arches, hinges are necessary at points where 
it is assumed there is no bending moment. Sliding and roller bearings are necessary 
in some types of bridges to ensure statical determinacy. Some types of bearings 
and hinges are illustrated in Table 94, and notes on these designs are given on the 
page facing the table. 

Joints in monolithic concrete construction are required to allow free expansion 
and contraction due to changes of temperature and shrinking in such structures as 
retaining walls, reservoirs, roads, and long buildings, and to allow unrestrained 
deformation of the walls of cylindrical containers when it is undesirable to transfer 
any bending moment or force from the walls to the bottom slab. Some designs of 
joints for various purposes are illustrated in Table 95 and notes on these designs are 
given on the page facing Table 94. Joints in road slabs are illustrated in Table 96. 

Concrete Roads. 

A concrete road may be a concrete slab forming the complete road or may be 
a slab underlying bituminous macadam, granite setts, asphalt, wooden blocks, or other 
surfacing. On the site of extensive works it is sometimes convenient to lay concrete 
roads before constructional work begins, these roads being the bases of permanent 
roads. A type of concrete road much used for motorways and similar main roads 
comprises a layer of plain cement-bound granular material (called ** dry-lean " 
concrete), the mixture being about 1 : 18, with a bituminous surfacing. In this 
section, the design of all-concrete reinforced concrete roads only is dealt with. For 
details of the preparation of the foundation (a very important aspect of the construction 
of a road) and methods of construction, reference should be made to other publications. 

The design of concrete roads is based as much on experience as on calculation, 
since the combined effects of the expansion and contraction of the concrete due to 
moisture and temperature changes, of the weather, of foundation friction, of spanning 
over weak places in the foundation, of fatigue, and of carrying the loads imposed by 
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traffic are difficult to assess. The provision of joints assists in controlling some of 
these stresses. The notes in the following give the basic principles only. 

Stresses due to Traffic. — The stresses in a concrete road slab due to vehicles 
are greatest when a wheel is at the edge or near a comer of the slab, but considerably 
less when it is remote from an edge or comer; therefore, from the point of view of 
stresses due to traffic, it is desirable to reduce the number of joints across which loads 
cannot be transferred and to prevent cracks, thereby reducing the number of effective 
edges and comers. The empirical formulae derived by Westergaard for the calculation 
of the stresses are the basis of many subsequent attempts to reconcile the stresses 
derived theoretically with measured stresses; the formulae (published in 1933) are 
given in a modified form in Table 96, and have since been modified to apply to aircraft 
runways. See page 150 and Table 6 for weights of vehicles and aircraft. 

Thickness of Slab. — For all-concrete roads the slab may be from 5 in. to more 
than 12 in. thick, depending on the weight of traffic and the type of soil. Some 
common thicknesses are given in Table 96 for various weights of traffic and types of 
soil, which are defined approximately in the table. The thicknesses should be 
increased for particularly adverse conditions, such as for very heavy traffic on dockside 
roads on very poor soil, for which upwards of 12 in. may be necessary. The concrete 
should not be leaner than I : if : 3J unless special mixtures are “ designed " to give 
a dense strong concrete with a lower cement content. For the wearing surface, 
rounded aggregates are not recommended and a hard crushed stone should be used. 
In districts where suitable crushed stone is costly an economical and durable slab can 
be formed by making the lower part of the slab of 1 : 2 : 4 concrete made with uncrushed 
gravel aggregate, and the upper part, to a depth of about 1 J m., with 1 : 1^:3 concrete 
made with crushed stone graded from £ in. to in. Exposure to weather and abrasion 
from traffic subject all-concrete roads to severe conditions, and all reasonable means 
of attaining a concrete of high quality should be taken. 

Reinforcement. — When a concrete road is laid on a firm and stable foundation, 
experience shows that reinforcement is not always necessary, but some engineers take 
the view that the provision of reinforcement is a precaution that justifies the cost. 
When mild steel reinforcement is used the amount provided is generally between 
6 lb. and 10 lb. per square yard provided in a single layer near the bottom or top of 
the slab, but for roads subject to heavy traffic reinforcement is provided near the top 
and bottom to give a total weight of 10 lb. to 20 lb. per square yard. If high-yield- 
stress steel is used two-thirds of the foregoing weights may be sufficient. Typical 
weights of mild steel reinforcement, which should preferably be placed near the top 
of the slab, are given in Table 96 for various types of traffic and soil. The arrangement 
of the reinforcement depends on the width of the road and the spacing of the transverse 
joints. If the joints are at distances apart equal to about the width of the slab, the 
reinforcement should be arranged to give equal strength in both directions, but if 
the transverse joints are provided at long intervals to form panels of length, say, three 
or more times their width, nine-tenths of the reinforcement should be parallel to the 
length of the road; for panels of intermediate proportions, ratios of between 0*5 and 
°*9 of the total reinforcement should be placed longitudinally. Additional bars, say, 
4 in. diameter, are required m the top at the comers of the panels. 

Joints. — Although some concrete roads have no transverse joints, the provision 
of such joints and, in wide roads, the provision of longitudinal joints, may assist in 
reducing cracking. In Britain the common spacing of expansion and contraction 



STRUCTURES AND FOUNDATIONS 


99 


joints is from 30 ft. to 100 ft. The end of each day's concreting should coincide with 
a joint. One form of transverse expansion and contraction joint is illustrated in 
Table 96; a clear gap of about J in. is left between the faces of adjacent panels and the 
space is almost filled with a resilient material and sealed with a bituminous compound. 
In the centre of the slab, and at intervals of about 1 ft. to 2 ft. 6 in. across the width 
of the road, mild steel dowel bars 2 ft. or 3 ft. long and from £ in. to 1 in. in diameter 
project horizontally from one panel to the next. One half of each bar is greased or 
otherwise treated to allow freedom of movement and is fitted with a ferrule; the other 
half is embedded in the concrete. Dowel bars prevent one panel rising relatively to 
its neighbour, partially prevent warping and curling, and transfer a part of the load 
on one panel to the other, thereby reducing the stresses. 

Simple contraction joints (or dummy joints) are provided at intervals of about 
15 ft. between transverse expansion and contraction joints; such a joint is illustrated 
in Table 96 and is merely a slot £ in. wide and 2 in. deep, filled with bituminous com- 
pound, formed m the top only (or in some cases in the bottom only) of the slab. The 
provision of dummy joints enables the slab to crack at intervals without being 
unsightly, irregular or injurious. 

Longitudinal joints are generally provided in roads more than 15 ft. wide so as 
to divide the road into strips about 10 ft. wide. A longitudinal joint may be a simple 
butt-joint, but some form of interlock is desirable to avoid one slab rising relatively 
to the adjacent slab and to enable transfer of load to take place. Thus a dowelled 
joint is sometimes provided, or a tongued-and-grooved joint as illustrated in Table 96. 

The joints shown in Table 96 are typical and are suitable for a reinforced concrete 
road slab 7 in. thick on a medium or good soil carrying medium traffic. Similar and 
other designs are given in the publications of the Road Research Board. 

Containers. 

The weights of materials and the calculation of the horizontal pressure due to 
dry materials and liquids contained in tanks, reservoirs, bunkers, silos and other 
containers are given in Tables 4, 10, 11, 12 and 14. This section deals with the design 
of containers, and with the calculation of the forces and bending moments produced 
by the pressure of the contained materials. Where containers are required to be 
watertight, the recommendations given in B.S. Code No. 2007 (i960) for reinforced 
concrete structures for the storage of water have been adopted. Containers are con- 
veniently classified as tanks containing liquids, and bunkers and silos containing dry 
materials, each class being sub-divided into cylindrical and rectangular structures. 
Some typical details of walls of containers are given in Appendix II. 

Tanks. 

Direct Tension in the Wall of a Cylindrical Tank. — The wall of a cylindrical 
tank is primarily designed to resist direct tension due to the horizontal pressures of 
the contained materials, and, if p lb. per square foot is the pressure at any depth, the 
direct tension T in a horizontal ring 1 ft. in depth is Q'$pD lb., where D is the internal 
diameter of the tank (ft.). Sufficient circumferential reinforcement must be provided 
to resist this tension; appropriate formulae are given in Table 97. For tanks containing 
liquids, the tensile stress in the circumferential reinforcement should not exceed 
12,000 lb. per square inch, but for a container of dry materials a stress of 18,000 lb. 
per square inch can be allowed. The length of any overlaps in the circumferential 
reinforcement must be sufficient to enable the maximum tensile stress to be developed, 
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and for this reinforcement hooks at the ends of the plain round bars should be invariably 
provided in liquid-containers. For tanks containing liquids the thickness of the wall 
should be determined in relation to the total tension, as described on page 69 and 
in Tables 73 and 74, to reduce the risk of cracking. The minimum thickness of the 
wall is given by the appropriate general expression in Table 97, or the special expres- 
sions in Tables 73 and 74. It is sometimes recommended that the thickness of the 
wall of a tank containing liquid should not be less than 4 in. (or 5 in.) and not less 
than 2J per cent, of the depth of liquid plus 1 in. For cylindrical vessels containing 
dry materials or for lined tanks containing liquids, it is not so essential to design for 
no cracking, and the thickness of the wall is determined from practical considerations. 

Bending Moments on the Walls of Cylindrical Tanks.— In addition to the 
horizontal tension in the wall of a cylindrical container, bending moments are produced 
by the restraint at the base of the wall. Unless a joint is made at the foot of the wall, 
as illustrated at (b) in Table 95, there is some continuity between the wall and the 
base slab which causes vertical deformation of the wall and reduces the circumferential 
tension. There are three principal factors, namely, the magnitude of the bending 
moment at the base of the wall, the point at which the maximum circumferential 
tension occurs, and the magnitude of the maximum circumferential tension. Coefficients 
and formulae for determining these factors are given in Table 97 and are derived from 
Mr. H. Carpenter's translation of Dr. Reissner's analysis. The shape of the wall has 
some effect on the value of the coefficients, but the difference between the bending 
moments at the bases of walls of triangular or rectangular vertical section is so small 
that the common intermediate case of a trapezoidal section can be considered to be 
the same as a rectangular wall. The small error involved partly offsets the error of 
assuming perfect fixity at the junction of the wall and the base. 

The procedure is first to determine the maximum vertical bending moment and 
provide a wall having an equal moment of resistance at the bottom. The maximum 
circumferential tension and the height up the wall at which this occurs are next deter- 
mined; sufficient area of steel and thickness of concrete must be provided at this 
height to resist the maximum tension. Above this height the area of reinforcement 
can be uniformly decreased to a nominal amount, and below it the area of reinforcement 
can be maintained equal to that required for the maximum circumferential tension, 
although some reduction towards the bottom may be justified. Some typical details of 
walls of tanks with and without restraint at the bottom are given in Appendix II. 

Octagonal Tanks. — If the wall of a tank is in plan, a series of straight sides 
instead of circular, the shuttering may be less costly but extra reinforcement or 
increased thickness of concrete or both is necessary to resist the horizontal bending 
moments which are produced in addition to the direct tension. If the tank is a regular 

pL 2 

octagon the bending moment at the junction of adjacent sides is -yy, where L is 
the length of side of the octagon. If the distance across the flats is D, the direct 
tension in each side is \pD, and at the centre of each side the bending moment is 

If the shape of the tank is not a regular octagon, but the lengths of the sides 
24 

are alternately L x and L % , and the corresponding thicknesses are D t and D % , the 
bending moment at the junction of any two sides is —= TnT*- 1‘ 

12 l L i + L lwJ] 
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Walls of Rectangular Tanks. — The bending moments on, and direct tensions 
in, the walls of rectangular tanks are calculated in the same manner as described on 
page 102 for bunkers. For impermeable construction, however, the maximum tensile 
stress in the reinforcement and, to reduce the risk of cracking, the tensile stress in 
the concrete should not exceed the values given on page 69; the consequent design 
formulae are given in Table 74; this data applies to suspended bottoms of tanks as 
well as to walls. 

The walls of large rectangular reservoirs generally span vertically and are mono- 
lithically with the roof and floor slab, the floor being generally laid directly on the 
ground. If the wall is considered as freely supported at the top and bottom, and if 
P is the total water pressure on the wall, the force at the top is o*33P and at the 
bottom o*6 yP. If the wall is assumed to be freely supported at the top and fixed at 
the bottom, the forces are 0-2 P and o*8 P at the top and bottom respectively. As 
neither of these conditions is likely to be obtained, a practical assumption is that 
the forces at the top and bottom are 0*2 5P and 075P respectively; the positive bending 
moment at about the midpoint of a wall of height H ft. and the negative bending 
moment at the bottom are each 0*083 F/J. If the walls span vertically and horizontally 
Table 40 applies. Some typical details are given in Appendix II. 

Bottoms of Elevated Tanks. — The type of bottom provided for an elevated 
cylindrical tank depends on the diameter of the tank and the depth of water. For 
small tanks a flat beamless slab is satisfactory, but beams are necessary for tanks 
from 10 ft. up to, say, 25 ft. in diameter. Some designs are indicated on the page 
facing Table 97; notes on the designs which include bottoms with beams and domed 
bottoms, and examples, are given on the pages facing Tables 97 and 98. 

The weight of liquid in a tank having only one compartment should be considered 
as a dead load when calculating the bending moments on the slabs and beams of the 
bottom since all spans will be loaded simultaneously. Tee-beams in the bottom of 
a tank should be designed so that the tensile stress at the face of the concrete in 
contact with water, due to negative bending moments, does not exceed the safe tensile 
stress in the concrete (see page 69); for this purpose the maximum width of slab 
considered as the flange should be as given in Table 69. 

Columns supporting Elevated Tanks. — It is important that there should 
not be unequal settlement of the foundations of the columns supporting an elevated 
tank and a raft should be provided if the nature of the ground is such that unequal 
settlement is likely. In addition to the bending moments and shearing forces due to 
the pressure of the wind on the tank, as described in Table 8, the wind force causes 
a thrust on the columns on the leeward side and a tension in the columns on the wind- 
ward side; the values of the thrusts and tensions can be calculated for a group of 
columns from the expressions given on the page facing Table 98. 

Effects of Temperature. — For a tank containing a hot liquid, the working 
stresses should be lower than for other tanks, or the probable increase in stress due to 
the higher temperature should be calculated as described on page 107. 

In Britain the effects of temperature due to weather variations are seldom suffici- 
ently great to be considered in the design of the tank, but elsewhere it may be neces- 
sary to protect the tank of a water tower from extreme exposure to the sun. External 
linings of timber, brick, or other material may be provided or the tank should be 
designed for the effects of the differences of temperature on opposite faces of the wall. 

Joints. — Permanent joints are provided in large tanks, reservoirs, and similar 
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containers to allow for expansion and contraction due to changes of temperature or 
to shrinkage of the concrete, or to relieve parts of the structure from stresses due to 
indeterminate restraints that would otherwise be imposed by adjacent parts. Details 
of joints suitable for reservoirs, swimming pools, and tanks are given in Table 95. 

Pipes. — Pipes built into concrete tanks are sometimes made of non-ferrous alloy, 
since deterioration due to corrosion is much less than for ferrous metals and replace- 
ments that may affect the water-tightness of the structure are obviated. Pipes built 
into the wall of a tank should have an additional intermediate flange cast in such 
a position that it will be buried in the thickness of the wall and thus form a water-bar. 

Underground Tanks. — Underground or submerged tanks are subjected to 
external pressures due to the surrounding earth or water, which produce direct 
compression in the walls. The stress produced by this compression in the wall of a 
cylindrical tank is a maximum when the tank is empty, and is given by the expression 
in Table 97. Unless conditions are such that the permanence of the external pressure 
is assured, the relief to the tension provided by the compression should be disregarded 
in the calculation of the stresses in the tank when full. When empty, the structure 
should be investigated for flotation if it is submerged in a liquid or is in waterlogged 
ground. 

Reservoirs with earth or other material banked up against the walls should be 
designed for earth pressure from outside with the tank empty. When the reservoir 
is full no reduction should be made to the internal pressure by reason of the external 
pressure, but in cases where the designer considers such reduction justified the amount 
of the reduction should be considerably less than the theoretical pressure calculated 
by the formulae for active pressures in Tables 10, 11 and 12. 

The earth on the roof of a reservoir should be considered as a live load, although 
it is ultimately a uniformly-distributed load acting on all spans simultaneously. 
When the earth is being placed in position, conditions may occur whereby some spans 
are loaded and others are unloaded. Often, however, the designer can ensure that 
the earth is deposited in such a manner as to keep the bending moments at a minimum. 

Bunkers and Silos. 

Properties of Contained Materials. — The weights of materials commonly 
stored in bunkers and silos are given m Table 4, and the pressures of these materials 
are dealt with in Tables 10 and 11. When calculating the size of a structure of a 
specified capacity, the weight of the material should not be overrated nor too small 
a value assumed for the angle of repose. When calculating the weight to be carried 
on the bottom and the pressures to which the sides will be subjected, the weight 
should not be under-estimated nor the angle of internal friction over-estimated. 
Generally two assumptions are therefore necessary in designing a container; examples 
of these assumptions are given in Table n. 

Walls. — The walls of bunkers and silos are designed to resist bending moments 
and tensions caused by pressure of the contained material. If the wall spans hori- 
zontally, it is designed for the bending moments and direct tension combined as in 
Table 89. If the wall spans vertically, horizontal reinforcement is provided to resist 
the direct tension and vertical reinforcement to resist the bending moments. In this 
case the horizontal bending moments due to continuity at corners should be considered, 
and it is generally sufficient if as much horizontal reinforcement is provided at any 
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level at the comers as is required for vertical bending at this level; the amount of 
reinforcement provided for this purpose, however, need not exceed the amount of 
vertical reinforcement required at one-third of the height of the wall. The principal 
bending moment on walls spanning vertically is due to the triangularly-distributed 
pressure from the contained material. Bending-moment coefficients for this distri- 
bution of load are given in Tables 16 and 17 for conditions of fixity or free-support at 
one or both ends of the span. The practical assumption described for the walls of 
rectangular reservoirs should be observed in this connection (see page 101). 

For walls spanning horizontally the bending moments and forces depend upon the 
number and arrangement of the compartments. For structures with several com- 
partments, the intermediate walls act as ties between the outer walls, and in Table 98 
expressions are given for the negative bending moments on the outer walls of rectan- 
gular bunkers with various arrangements of intermediate walls or ties. The 
corresponding expressions for the reactions, which are a measure of the direct tensions 
in the walls, are also given. The positive bending moments can be readily calculated 
when the negative bending moments at the corners are known. An external wall 
is subject to maximum stresses when the adjacent compartment is filled, since it is 
then subjected simultaneously to the maximum bending moment and the maximum 
direct tension. An internal cross wall is subjected to maximum bending moment 
when the compartment on one side of it is filled, and to maximum direct tension (but 
no bending moment) when the compartments on both sides of the wall are filled. 

In small bunkers the panels of wall may be of such proportions that they span 
both horizontally and vertically, in which case Table 40 should be used to calculate 
the bending moments since the pressure along the horizontal span will be uniformly 
distributed, while along the vertical span triangular distribution will occur. An 
example is given on page 320. 

In the case of an elevated bunker the whole load is generally transferred to the 
columns by the walls, and when the span exceeds twice the depth of the wall the 
wall can be designed as a beam. Owing to the large moment of inertia of the wall 
(as a beam bending in a vertical plane) compared with that of the columns, the beam 
can be assumed to be freely supported but the heads of the columns under the comers 
of the bunker should be designed to resist a bending moment equal to, say, one-third 
of the maximum positive bending moment on the beam. If the provision of sufficient 
moment of resistance so requires, a compression head can conveniently be constructed 
at the top of the wall, but there is generally ample space to accommodate the tensile 
steel in the base of the wall. When the distance between the columns is less than 
twice the height of the wall the reinforcement along the base of the wall should be 
sufficient to resist a direct tension equal to one-quarter of the total load carried by 
the wall. The total load must include all other loads supported by the wall. These 
loads may be due to the roof or other superstructure or machines mounted above 
the bunker and to the weight of the wall. 

The effect of wind on large structures should be calculated. In silos the direct 
compressive force on the leeward walls due to wind pressure is one of the principal 
forces to be investigated. The stress due to the eccentric compression due to the 
proportion of the weight of the contents supported by friction on the walls of a silo 
(see Table 14) must be combined with the stresses produced by wind pressure, and at 
the base or at the top of the walls there may be additional bending stresses due to 
continuity with the bottom or the covers or roof over the compartments. 
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If a wall is thicker at the bottom than at the top it may taper uniformly from 
bottom to top or the reduction in thickness may be made in steps. The shuttering 
may be more costly for a tapered wall than for a stepped wall, especially for cylindrical 
containers. A stepped wall, however, may be subjected to high secondary stresses 
at the change of thickness where also the day's- work joints generally occur. Stepping 
on the outside is often objectionable as it provides ledges for the collection of dust. 
Stepping on the inside may interfere with the free flow of the contents when emptying 
the container. 

The size and shape of a bunker depend on the purpose which it is to serve, and 
the internal dimensions are therefore generally specified by the owner. Typical 
calculations are given on page 320 for a design in which the walls span vertically and 
horizontally. When the walls span horizontally the reinforcement varies from a 
maximum at the bottom to a nominal amount at the top ; the vertical reinforcement 
need only be sufficient to keep the horizontal bars in place, and generally f-in. bars 
at 12-in. to 15-in. centres are satisfactory for this purpose. In the case of tall bunkers 
each lift of vertical reinforcement should not exceed about 10 ft., although if con- 
tinuously-moving shuttering is used the vertical bars should be 4 ft. to 6 ft. long. 

Hopper Bottoms. — The design of sloping hopper bottoms in the form of 
inverted truncated pyramids consists of finding, for each sloping side, the centre of 
pressure, the intensity of pressure normal to the slope at this point, and the mean 
span. The bending moments at the centre and edge of each slope are then calcu- 
lated. The horizontal direct tension is next computed and combined with the 
bending moment to determine the amount of horizontal reinforcement required. The 
direct tension acting in the line of the slope at the centre of pressure and the bending 
moment at this point are combined to find the reinforcement necessary in the under- 
side of the slab at this point. At the top of the slope the bending moment and the 
component of the hanging-up force are combined to determine the reinforcement 
required in the upper face at the top of the slope. 

The centre of pressure and the mean span can be found by inscribing on a 
normal plan of the sloping side a circle touching three of the sides. The diameter of 
this circle is the mean span and the centre is the centre of pressure. The total intensity 
of load normal to the slope at this point is the sum of the normal components of the 
vertical and horizontal pressures at the centre of pressure and the dead weight of 
the slab. Values for the pressure on an inclined slab are given in Table 11, and expres- 
sions for the bending moments and direct tensions along the slope and horizontally 
are given in Table 99. When using this method it should be remembered that, 
although the horizontal span of the sloping side is considerably reduced towards the 
outlet, the amount of reinforcement should not be reduced below that determined 
for the centre of pressure, since in determining the bending moment based on the mean 
span adequate transverse support from the reinforcement towards the base is assumed. 

The “ hanging-up " force in the direction of the slope has a vertical and a hori- 
zontal component, the former being resisted by the walls acting as beams. The 
horizontal component, acting inwards, will produce horizontal bending moments on 
the beam at the top of the slope, but often this bending moment is neglected as the 
inward horizontal force is generally resisted by a corresponding outward pressure 
from the contained material. When there is insufficient head of material above the 
top of the slope to create the necessary counter-pressure, it is necessary to calcu- 
late and to make provision for the horizontal bending moment. 
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An example of the calculations by this method for a pyramidal hopper bottom is 
given on the page facing Table 99. 

Chimneys. 

Dimensions. — The height and internal sizes of a chimney are usually specified 
by the engineers responsible for the boiler installation. The reinforced concrete 
designer has to determine the thickness of, and reinforcement in, the shaft. The two 
principal forces on a chimney are the wind pressure and the dead weight. At any 
horizontal section the cantilever bending moment due to the wind is combined with 
the direct force due to the weight of the chimney and lining above the section con- 
sidered to find the maximum stresses. Suitable values for wind pressures on circular 
and other shafts are given in Table 8, and an example showing a graphical method of 
determining the stresses is given in Table 85. Generally the preliminary deter- 
mination of the thickness of the wall of the shaft is a matter of trial and error, but 
the thickness of concrete in inches and the total area of reinforcement required can 
be found approximately for a circular shaft from the expressions given in the table 
on the page facing Table 100. These expressions, which were established by Messrs. 
Taylor, Glenday, and Faber, are for stresses of 400 and 600 lb. per square inch in the 
concrete and 12,000, 14,000, and 16,000 lb. per square inch in the reinforcement. 
Low stresses are desirable for the combination of bending moment and weight only, 
as a margin is left thereby for increases in stresses due to rise of temperature. Having 
determined the trial dimensions for the shaft, the values of the bending moment 
and weight can be calculated more closely and the actual stresses obtained either 
by the graphical method described in Table 85 or by one of the analytical methods 
given in books on the design of chimneys; the stresses due to thermal effects have 
to be combined with those due to moment and weight, and the method of so doing 
is given in other publications. Some notes on thermal stresses are given on page 107. 

Maximum Longitudinal Stresses. — The maximum stresses on any horizontal 
plane of a chimney shaft should be investigated for the following conditions, (a) 
When subjected to direct load only, that is the weight of the concrete shaft and the 
lining, the maximum compressive stress should not exceed the values given for direct 
stress in Table 56. For this purpose, the value of the modular ratio used in calculat- 
ing the effect of the reinforcement can be assumed to be 15. (6) The stresses due to 

combining the bending moment due to the wind with the maximum direct load should 
be ascertained either by comparison with the factors given in the table on the page 
facing Table 100 or by the graphical analysis given in Table 85. To the maximum 
compressive stress at the inner face of the wall should be added the stress, c t, due 
to the change of temperature, and to the maximum tensile stress in the reinforcement 
on the outer face should be added the stress It due to the change of temperature, 
thereby giving approximately the maximum stresses; a method of calculating It 
and ct is given in the following (page 107). The maximum compressive stress in 
the concrete should not exceed the values given in Table 56 for bending. 

The various stresses are inter-related, and the addition of, say, the temperature 
stresses to the combined bending and direct stresses may alter the basis of calculating 
these stresses by altering the position of the neutral plane, subjecting more of the 
concrete to tensile stresses in excess of the tensile strength, and thereby causing 
cracking. 

Transverse Stresses. — The preceding remarks deal solely with stresses normal 
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to a horizontal plane. Stresses normal to a vertical plane are also produced both 
by wind pressure and differences of temperature. In chimney shafts of ordinary 
dimensions the transverse bending moment resulting from wind pressure is generally 
negligible, but this is not necessarily so in tanks and cooling towers of large diameter. 

A uniform pressure of p lb. per square foot produces a maximum bending moment of 
pD % 

db Y2~ ***"lb- on a height of i ft. of a cylinder of external diameter D ft. This 
bending moment causes a compressive stress at the outer face of a wall normal to the 
line of the action of p and tensile at the inner face. An equal bending moment, but 
of opposite sign, acts on the wall parallel to the line of action of p. If the distribution 
of wind pressure is as illustrated in Table 7 for cylinders, the bending moment at 
the end of the diameter normal to the line of action of p may be about three times 
that given in the foregoing. 

A difference in temperature between the two faces of a concrete wall produces 

a transverse bending moment equal to — hr~~~' (See pages 107 and 108 for nota- 

a c 

tion.) If the shaft is unlikely to be cracked vertically, the maximum stress in the concrete 
due to this bending moment is about 0-5 TecE c , being compressive on the face sub- 
jected to the higher temperature and tensile on the opposite face. 

Industrial Structures. 

In addition to the ability of the various members to sustain the forces and 
moments to which they are subjected, there are other considerations peculiar to 
each type of industrial structure. Vibration must be allowed for in the substructures 
for crushing and screening plants. Provision against overstressing a reinforced 
concrete pit-head frame is obtained by designing for various conditions of working 
and accidental loading such as described on page 148. Watertightness is essential 
in slurry basins, coal draining bunkers, settling tanks, and similar hydraulic structures, 
while airtightness is essential in gas purifiers and in airlock structures in connection 
with colliery work; the suction in airlocks is generally equivalent to a head of 5 in. 
to 10 in. of water, that is, 26 lb. to 60 lb. per square foot. The resistance of concrete 
to corrosion from fumes that are encountered in some industrial processes is one of 
the properties that recommends the material for industrial construction, but protec- 
tion of the concrete is needed with other fumes and some liquids (see Appendix I). 
Provision should be made for expansion in structures in connection with steel-works, 
coke ovens, gas retorts, and other structures where great heat is experienced. Boiler 
foundations, especially on clay, should be made sufficiently thick to prevent undue 
heating and drying out of the subsoil or an insulating layer should be interposed between 
the foundation and the ground. Firing floors, coke-benches, and rolling-mill floors 
should be protected from extreme temperatures and abrasion by being covered with 
steel plates or bricks. 

On floors where dust, rubbish, or slime may collect, as in coal washeries, it is 
advantageous to make a fall in the top surface of 3 in. in 10 ft. to facilitate the 
cleaning of the floors, but it must be ascertained that such a slope will not be incon- 
venient to the users of the floor; otherwise suitable channels must be provided to 
ensure that washing down will be effective. 

Structures in mining districts should be designed for the possibility of subsi- 
dence of the ground upon which they stand. Thus raft foundations that have at any 
part equal resistance to negative and positive moments are commonly adopted for small 



STRUCTURES AND FOUNDATIONS 107 

structures. If isolated foundations are provided for long structures such as gantries, 
the longitudinal beams should be designed as if freely supported. 

Stresses due to Temperature. 

The following consideration of stresses due to temperature can be applied to 
chimneys, tanks containing hot liquids, retort foundations, and other structures 
where there is a difference of temperature between two faces of the concrete. 

The first stage is to determine the change of temperature T deg. F. through the 
concrete. The resistance to the transmission of heat through a wall of different 
materials, the successive thicknesses of which (in inches) are d v d % , d s , etc., is given by 
1 d r d % d 2 \ ^d 

i = ^ + *; + a; + - • • + «< + a ‘» + a o = 2iik + »* + «>> + «<• 

where k lt k 2 , k 9 , etc., are the conductivities of the various materials of which the 
wall is made, at and a Q represent the drop in temperature at the internal and external 
faces respectively, and a a is the drop due to a cavity in the wall. Values of the con- 
ductivities, in B.th.u. per square foot per hour per degree F., are 67 for ordinary 
concrete, 7*4 for firebrick, and 03 for slag wool. The values of a Q , a and a a are not 
readily determinable; a 0 for example depends on the degree of exposure and a value 
of 0-5 deg. F. for the transmission of one B.th.u. per square foot per hour is a reason- 
able average value, although in sheltered positions facing south the value may be 
075 and as low as o-io for conditions of severe exposure facing north. In a chimney 
or in a tank containing hot liquid, there may be little difference between the tem- 
perature of the flue gas or liquid and the temperature of the face of the concrete or 
lining in contact with the gas or liquid. Hence a< may often be neglected or, if some 
fall of temperature at the internal face is expected, a value of 07 may be used. The 
value of a a depends on the amount of ventilation of the cavity and may be about 
unity. 

If the temperature of the flue gas or hot liquid is Tg deg. F. and the external 
air temperature is T A deg. F., the change of temperature through a concrete wall 

/y* _ nr* \ L J 

d c in. thick is T = 7 deg. F., where k c is the conductivity of the con- 

Crete. Owing to the numerically indeterminate nature of many of the terms used 
in the calculation of T, extreme accuracy cannot be expected. Therefore only an 
approximate assessment of the stresses due to a difference in temperature is worth 
while. 

In an uncracked reinforced concrete wall, or in a cracked wall that is entirely 
in compression, the change in the compressive stress in the concrete due to a tem- 
perature difference of T deg. F. is Cr = ± 0 ‘^Te c E c> where e c is the coefficient of 
linear expansion of concrete, say, 0*0000055 per degree F., and E c is the modulus of 
elasticity of concrete. For E c , a value of 3,000,000 lb. per square inch should be used. 

In a cracked wall subject to tension, the concrete being neglected except as 
a covering for the reinforcement, the change in stress in the reinforcement is 
t T = ± 0*5(1 — f)Te g E s . The term (1 — /) is such that (1 — f)d t is the distance 
between the centres of the reinforcement on opposite faces of the wall; e 9 is the 
coefficient of linear expansion for steel, say, 0*000006 per degree F., and E t is the 
modulus of elasticity of steel, say, 30,000,000 lb. per square inch. 

If the wall subjected to temperature strains is already stressed in tension on 
one face and compression on the other, as may occur in the wall of a tank containing 
hot liquid, then to the bending moment at any section a bending moment due to 
H 
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TfcEe I e 

change of temperature equal to Mt = — ~j ~ should be algebraically added, where 

Uc 

I c is the moment of inertia of the section expressed in concrete units and ignoring 
the area of any concrete that may be cracked. In impermeable construction designed 
to prevent the concrete cracking, the value of I e would be based on the whole thickness 
of concrete together with an allowance for the reinforcement with a modular ratio 
corresponding to the value assumed for E e - 

It should be noted that the bending moment Mr due to change of temperature 
tends to produce compression on the face subject to the higher temperature. 

Protection of Concrete. 

Many structures, such as tanks, chimneys, and the floors of buildings used for 
certain purposes, have to resist the injurious effects of acids and other chemicals. 
In Appendix I a list is given which includes non-injurious and corrosive substances 
and liquids, and for injurious substances some protective treatments are described. 
Where corrosive liquids are stored in concrete containers the corrosion is generally 
most marked near the normal level of the liquid, and some liquids, which may not 
ordinarily affect the concrete, may cause corrosion when the concrete surface is 
alternately wet and dry. 

The life of a reinforced concrete container exceeds that of a steel or timber struc- 
ture, and can be further prolonged by careful design which reduces the liability to 
cracking, and thereby increases the resistance of the concrete to deterioration due 
to abrasion from falling and moving hard material. If attention is given to this 
matter and a dense concrete is used, lining the wearing faces of the structure with 
tiles or plates or rails may not be necessary except where coke is stored or where coal 
or stone is dropped into a bunker from a height. The top surfaces of ties and inter- 
mediate walls exposed to falling material should be made in the form of an inverted 
V and covered by a renewable metal shield. The bottoms of bunkers in which sticky 
coal or similar material is stored may be lined with glass to facilitate emptying. 

Retaining Walls. 

The weights of, and the methods of calculating the horizontal pressures due to, 
retained earth are given in Tables io, n and 12. This section deals with the design 
of retaining walls including the calculation of the forces and bending moments pro- 
duced by the pressure of the retained material. Other recommendations for the 
design of retaining walls, sheet-piled walls, and the like are given in Code No. 2, 
" Earth-Retaining Structures ", published by the Institution of Structural Engineers. 

Types of Retaining Walls. — A retaining wall is essentially a vertical cantilever, 
and when it is constructed in reinforced concrete it can be a cantilevered slab, a wall 
with counterforts, or a sheet-pile wall. A cantilevered slab is suitable fof walls of 
moderate heights and has a base projecting backwards under the Ailing, as at (b) in 
the diagram at the top of Table 100, or a base projecting forward as at (a). The former 
type is generally the more economical. The latter type is only adopted when for 
reasons relating to buildings or other adjacent property it is not permissible to 
excavate behind the stem of the wall. If excavation behind the wall is permitted, 
but to a limited extent only, a wall with a base projecting partly backwards and 
partly forwards as at (c) can be provided. Any length of base projecting backwards 
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is advantageous as the weight of earth thereon assists in counterbalancing the over- 
turning effects. 

A wall provided with counterforts is suitable for a greater height than is econom- 
ical for a simple slab wall. The slab spans horizontally between the vertical counter- 
forts which are arranged as at (d). Where the net height of the wall is great, it is 
sometimes more economical to adopt the type of wall shown at (e), where the slab 
spans vertically between horizontal beams which bear against counterforts. By 
graduating the spacing of the beams the maximum bending moments in each span 
of the slab can be equal and the slab kept the same thickness throughout. When 
the shearing stresses allow, the web of the counterfort can be perforated; this saves 
concrete but complicates the shuttering and reinforcement. 

Pressures behind Walls. — The value of the horizontal pressure due to retained 
earth is often assumed to be 2 jh lb. per sq. ft. at a depth h ft. below the level surface 
of the ground behind the wall. When the ground is compact a lower pressure is 
sometimes assumed, say, 22k, which corresponds to an angle of repose of 40 deg. 
and a density of 100 lb. per cubic foot. The values 27k and 22A should be increased 
or reduced when the surface of the ground behind the wall slopes upwards or down- 
wards or when a load is superimposed thereon. The pressure recommended by the 
Ministry of Transport is 30 h. In ground that may become accidentally waterlogged, 
it is often advantageous to design for a nominal factor of safety of 4 against ground 
pressure, and of 2J against the possible water pressure; that is, the equivalent pressure 
of the water alone after making allowance for the difference in factors of safety is 40 h 

Cantilevered Retaining Walls. — The factors affecting the design of a canti- 
levered slab wall are usually considered per foot length of wall when the wall is of 
uniform height, but when the height of the wall varies a length of, say, 10 ft., or 
other convenient length, should be treated as a complete unit. For a wall with 
counterforts the length of a unit is the distance between two adjacent counterforts. 
The principal factors to be considered are stability against overturning, bearing 
pressure on the ground, resistance to sliding, and internal resistance to bending 
moments and shearing forces. Formulae for the bending moments, forces, dimen- 
sions, and other factors relating to cantilevered-slab walls are given in Table 100, and 
typical details of cantilevered-slab walls of types (a) and (b) and of a wall with counter- 
forts, and calculations for these designs, are given in Appendix II. 

A factor of safety of not less than i£ against overturning should be allowed, 
rotation being assumed to be about the lowest forward edge of the base. Under 
the most adverse combination of vertical load and horizontal pressure, the maximum 
pressure on the ground should not exceed the pressure allowable on the ground upon 
which the wall is built. 

To provide a factor of safety against forward movement of the wall as a whole 
the minimum total vertical load multiplied by a coefficient of friction should exceed 
the maximum horizontal pressure by at least 50 per cent. For dry sand, gravel, 
rock, and other fairly dry soils a coefficient of 0-4 is often used, but for clay, the 
surface of which may become wet, the frictional resistance to sliding may be zero. 
In this case the resistance of the earth in front of the wall must provide the necessary 
resistance to sliding, which can be increased by providing a rib on the underside of 
the base as shown at (a), (6) and (c) in Table 100. A rib is essential if the depth 
of earth in front of the wall is shallow. The plane of failure due to shearing in front of 
the wall is a curve sweeping upwards from the lowest forward edge of the wall. The 
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resistance of the earth in front of the wall is the passive resistance (see Tables io and 12). 
It is essential that earth be in contact with the front face of the base, otherwise a small, 
but undesirable, movement of the wall must occur before the passive resistance can 
operate. In walls of the form shown at (a), where the vertical load is small compared 
with the horizontal pressure, a rib should be provided either immediately below the 
wall stem or at the forward edge of the base to increase the resistance to sliding. If 
the theoretical passive resistance is depended upon to provide the whole of the resistance 
to sliding, the factor of safety should be at least two. 

The foregoing movements of the wall, due to either overturning or sliding, are 
independent of the general tendency of the bank of a cutting to slip and to carry the 
retaining wall with it. The strength and stability of the retaining wall have no 
bearing on such failures, and the precautions necessary to be taken against the wall 
being ca rried away are outside the scope of the design of a retaining wall constructed 
to retain the toe of the bank and is a problem in soils mechanics. 

The safe moment of resistance of the stem of the wall should be equal to the 
bending moment produced by the pressure on the slab. In a cantilevered slab, the 
critical bending moment may be at the top of the splay at the base of the stem. The 
base slab should be made the same thickness as the bottom of the wall and equal rein- 
forcement should be provided . The base slab and the stem of the wall should be tapered. 

When a single splay only is provided at the base of the stem of a cantilevered- 
slab wall, the critical bending moment may be at the bottom of the splay instead 
of at the top, since the increase in effective depth may not cause the moment of 
resistance to increase as rapidly as the bending moment increases. The effective 
depth should not be considered to increase more rapidly than is represented by a 
slope of one in three at each splay. 

In walls with counterforts, the slab, which spans horizontally, can also taper 
from the bottom upwards as the pressure and consequently the bending moments 
decrease towards the top. Fixity with the base slab near the bottom will produce 
a certain amount of vertical bending requiring vertical reinforcement near the back 
face of the slab near the bottom. The horizontal negative and positive bending 

moments can be assumed to be where p is the intensity of horizontal pressure 

and L is the distance between the centres of adjacent counterforts. If horizontal 
beams are provided the slab is designed as a continuous slab spanning vertically, 
requiring reinforcement near the front face between the beams and near the back face 
at the beams. 

Counterforts are designed as vertical cantilevers, the main tensile reinforcement 
being in the back sloping face. Owing to the great width at the bottom, reinforce- 
ment for resistance to shear is seldom necessary, and when required it is generally 
most conveniently provided by horizontal binders. Only in the case of very high 
walls are inclined bars necessary for resistance to shearing. 

Expansion and Contraction. — Long walls should be provided with expansion 
joints, suitable designs for which are given in Table 95. To reduce the risk of cracking 
due to shrinking of the concrete, sectional methods of construction should be speci- 
fied, and as a further precaution against contraction and temperature cracks appearing 
on the front face of a wall reinforced near the back face, a mesh of reinforcement, 
say, f-in. diameter bars spaced at 12-in. centres horizontally and vertically, shoul4 
be provided near the front face if the thickness of the wall exceeds 8 in. 
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Drainage behind Walls. — Sloping the base slab in front of and behind the 
wall not only economises in concrete but also assists drainage, the provision for which 
is important, especially for a wall designed for a low pressure. Where the filling 
behind the wall is gravel or sand, a drain of clean loosely-packed rubble should be 
provided along the base of the back of the wall, and weep-holes, 3 in. to 6 in. in 
diameter, provided at intervals of about 10 ft. A weep-hole should be provided in 
every space between the counterforts, and the top surface of any intermediate hori- 
zontal beams should be given a slight slope away from the back of the wall. With 
backings of clay or other soil of low porosity, hand-packed rubble placed behind the 
wall for almost the whole height and draining to weep-holes, assists effective drainage 
of the filling. The filling behind the wall should not be tipped from a height, but should 
be carefully deposited and consolidated in thin horizontal layers. 

Sheet-pile Walls, 

When a satisfactory bearing stratum is not encountered at a reasonable depth 
below the surface in front of the earth to be retained, then a sheet-pile wall is provided. 
Precast reinforced concrete sheet-piles are driven into the ground sufficiently far to 
obtain an anchorage for the vertical cantilever and security against sliding and 
spewing. This type of wall is particularly suitable for waterside works, and in the 
simplest form the sheet-piles simply cantilever out of the ground, the heads of the 
piles being generally stripped and bonded into a cast-insitu capping beam. 

Designs for typical sheet-piles and for the interlocked type of joint necessary 
to maintain alignment during driving, are given in the lower part of Table 101, where 
are also illustrated shapes of the shoes for starting piles and following piles. 

If the height of the wall and the pressure on the sheet-piles are such that an 
excessively thick pile is required, the provision of a tie at the level of the capping 
beam reduces the maximum bending moment. The tie can be constructed in rein- 
forced concrete or it can be a mild steel bar anchored into the capping beam and 
wrapped with bituminised hessian to protect it from corrosion. The capping beam 
must be designed to span between the ties and to transfer the horizontal forces from 
the top of the sheet-piles to the ties. The end of the tie remote from the wall should 
be anchored behind the natural slope of the ground, behind one of the lines shown in 
the upper part of Table 102. The anchorage should be provided by a block of mass 
concrete, by a concrete wall, by a vertical concrete plate, or by an anchor pile. Al- 
though the force in the tie is increased, bending moments on the sheet-piles can be 
further reduced by placing the tie at some point below the top of the wall, a horizontal 
beam being provided at the level of the tie. The provision of a tie reduces the depth 
to which it is necessary to drive the sheet-piles. 

Cantilevered Sheet-pile Wall. — The forces on a simple cantilevered sheet- 
pile wall are indicated in Table 101, where P 1 is the active pressure due to the filling 
and surcharge behind the wall and P 2 and P s are passive pressures producing the 
necessary restraint moment to resist the overturning effect of P x . The shaded dia- 
gram illustrates the probable variation of pressure, but the accompanying straight- 
line diagram is a practical approximation. The sheet-piles tend to rotate about the 
point X. The maximum bending moment on the sheet-piles occurs at some point D f 
and the distance L can be calculated approximately from the factors k x ' given in 
the column headed “ free ” in the tabulation in Table 100 for different angles of 
repose of the ground in which the pile is embedded. The bending moment on the 
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sheet-piles is P x x, the value of P x being conveniently represented by the area of the 
trapezium ABCD in Table ioi ; P x can be determined from Table n. The distance x 
indicates the centroid of the area. The embedded length of the sheet-piles must be 
great enough to enable sufficient passive pressures to be produced, and the factors h% 
(Table 100) enable this length to be calculated approximately. 

The foregoing procedure using the factors k x and k t ' given in Table ioo is suit- 
able for the preparation of a .preliminary design for a simple cantilevered sheet-pile 
wall. The final design should be checked by the formulae and procedure given in 
Table ioi; the initial formula is derived by equating the forces acting behind the 
sheet-piles with those acting on the front of the sheet-piles, and by equating to 
zero the moments of these forces about E. 

The value of pa, the increase in active pressure per each foot of depth behind 
the wall, may be different at different depths if various classes of soil are encountered 
behind the wall and may be affected by waterlogged conditions. No general formula 
is serviceable under such conditions, and the designer should deal with such problems 
with caution and adopt safe values for the pressure factors. The two conditions 
which must be satisfied are that the algebraic sum of the horizontal forces must be 
zero and that the algebraic sum of the moments of these forces about the bottom of 
the sheet-piles must also be zero. The available theoretical passive resistance should 
be in excess of that required by a sufficient margin to allow for over-estimating the 
passive resistance. 

Sheet-pile Wall with Ties.— When a tie is provided at the top of the wall 
the forces acting on the wall are as shown in Table 102; they are similar to those in 
Table 101 except for the introduction of the horizontal force in the tie. It is not 
possible to determine the variations of the pressure with any precision, but the dia- 
gram shows the probable variation. It is therefore recommended that the following 
procedure be adopted for preliminary designs. The factor k % ' in the column headed 
“ hinged ** in Table 100 gives the minimum value for h to produce sufficient restraint 
moment. The embedded length h must, however, be not less than the minimum 
length required to resist forward movement of the toe and not less than the length 
required to prevent spewing. The wall will be stable if I'^P^x' > P ^y, where P 4 
is the total active pressure on the whole depth of the wall as shown and P 5 is the total 
passive pressure in front of the wall. The values of P 4 and P 5 can be computed from 
the data in Tables 10 and n. The factor 1-5 is introduced in order to allow a margin 
between the theoretically calculated passive resistance and that actually required. 

To prevent spewing in front of the wall the embedded length should not be 

less than where p w is the weight per square foot at point E due to the earth 

and surcharge above this point, w is the weight per cubic foot of the earth in front 
of wall, and k t is the pressure factor taken from Table 10 or 11. 

The bending moment on the wall can be calculated by first determining L from 
the factors given in the column headed " hinged ” in Table 100. The sheet-piles 
rq n be considered as a propped cantilever of span L built in at D and propped at A 
and subjected to a trapezoidal load represented by the area ABCD. This load can 
be divided into a uniformly-distributed load and a triangularly-distributed load, the 
bending moment coefficients for which are given in Table 16, where is also given the 
reaction of the prop, which is the force in the tie. Since the security of this type of 
wall depends on the efficiency of the anchorage, no risk of underrating the force in 
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the tie should be incurred; it is better to increase the force to be resisted from the 
value represented by the theoretical reactions to 0-5/^. The value of this force should 
certainly not be less than P 4 — fP # , which is the part of the outward active pressure 
not balanced by the reduced passive pressure. The forces in anchor-piles are given 
in the lower part of Table 102. 

Sheet-pile Wall with Tie below Head. — In a wall as in Table 102 it is assumed 
that the connection between the tie and the head of the wall is equivalent to a hinge, 
that is, the bending moment at A is zero. If the wall is extended above A, as shown, 
either by continuing the sheet-piles or by constructing a cast-insitu wall, a bending 
moment is introduced at A equal to P 6 z, where P # is the total active pressure on the 
extended portion of the wall AF. This bending moment introduces a negative bending 
moment on the wall at A, but reduces the positive bending moment on the sheet- 
piles between D and A and also reduces the negative bending moment at D. If 
the bending moment at A is large enough to produce conditions amounting to complete 
fixity at A, then the span L can be calculated by the factors k x ' given in the column 
headed “ fixed " in Table 100. The factor k 2 ' in the same column gives the minimum 
embedded length h, but at the same time h must be sufficient to prevent spewing 
and forward movement as already described. The equation for stability is given in 
Table 102. The force in the tie is P 4 — }P 8 -f P fl or o*5P 4 + P 4 whichever is the 
greater. The bending moment on the wall is calculated from the pressure represented 
by the area of the trapezium ABCD, considering the beam as fixed at both ends and 
using the appropriate coefficients given in Table 17. When the bending moment 
at A is insufficient to provide complete fixity, the bending moments, forces, and 
values of L and h are intermediate between those for hinged and fixed conditions 
at A. 

A horizontal slab supported on king piles, as sometimes provided at A as shown 
in the diagram at the bottom of Table 102, has a sheltering effect on the piles since 
if the slab is carried far enough back it can completely relieve the wall below A from 
any active pressure due to the earth or surcharge above the level of A. 

When a preliminary design has been prepared by the foregoing procedure, using 
the factors given in Table 100 and the formulae in Table 102, the final design of the 
sheet-pile wall with anchored ties should be checked by one of the analytical or graphical 
methods given in text-books on this subject. 

Reduced Bending Moments on Flexible Walls. — The pressures behind a 
flexible retaining wall adjust themselves in such a way that the bending moments on 
the wall are reduced. Stroyer suggested a formula applicable to reinforced concrete 
sheet-pile walls with ties. The reduction factors, which are not applicable to simple 
cantilevered walls, are given in Table 100. 

Foundations. 

The design of the foundations for a structure comprises three stages, the first 
of which is to determine from an inspection of the site the nature of the ground and, 
having selected the stratum upon which to impose the load, to decide the safe bearing 
pressure. The second stage is to select the type of foundation, and the suitability 
of one or more types may have to be compared. The third stage is to design the 
selected foundation to transfer and distribute the loads from the structure to the 
ground. Reference should be made to Code No. 4, “ Foundations, 0 issued by the 
Institution of Civil Engineers. 
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Inspection of the Site. — The object of an inspection of the site is to determine 
the nature of the top stratum and of the strata below in order to detect any weak 
strata that may impair the load-carrying capacity of tlie stratum selected for the 
foundation. Generally the depth to which knowledge of the strata should be obtained 
should be not less than one and a half times the width of an isolated foundation or 
the width of a structure with closely-spaced footings. 

The nature of the ground can be determined by digging trial holes, sinking bores, 
or driving piles. A trial hole can be taken down to only a moderate depth, but 
enables the undisturbed soil to be examined, and the difficulty or otherwise of excavat- 
ing and the need or otherwise of timbering and pumping to be determined. A bore 
can be taken very much deeper than a trial hole. A test pile does not indicate the 
kind of soil it has been driven through, but the driving data combined with local 
information may give the necessary particulars. A test pile is useful in showing the 
thickness of the top crust or the depth below poorer soil at which a firm stratum lies. 
A sufficient number of any of these tests should be made until the engineer is satisfied 
that he is certain of the nature of the ground under all parts of the foundations. 

Reference should be made to British Standard Code of Practice No. 200. 

Safe Bearing Pressures on Ground. — The pressures that can be safely im- 
posed on thick strata of soils commonly met with are in some districts the subject 
of by-laws. Table 104 gives some pressures which are often recommended as a guide, 
but these pressures must be considered as maxima since there are several factors that 
may necessitate the use of lower values. Permissible pressures may generally be 
exceeded by an amount equal to the weight of earth between the foundation level 
and adjacent ground level but, if this increase is allowed, any earth carried on the 
foundation must be included in the foundation load. For a soil of uncertain resistance 
a study of local existing buildings on the same soil may be useful, as may also be the 
results of a ground bearing test. 

Failure of a foundation may be due to consolidation of the ground causing settle- 
ment, or rupture of the ground due to failure in resistance to shearing. The shape 
of the surface along which shearing failure occurs under a strip footing is an almost 
circular arc extending from one edge of the footing and passing under the footing and 
continued then as a tangent to the arc to intersect the ground surface at an angle 
depending on the angle of internal friction of the soil. The average safe resistance 
of soil therefore depends on the angle of internal friction of the soil, and on the depth 
of the footing below the ground surface. In a cohesionless soil the resistance to 
bearing pressure not only increases as the depth increases but is proportional to the 
width of the footing. In a cohesive soil there is also an increase in resistance to bearing 
pressure under wide footings, but it is less than in non-cohesive soils. Graphical 
solutions, such as that attributed to Krey, are sometimes used to find the bearing 
resistance under a footing of known width and depth. The theoretical formulae, 
based on Rankine’s formula for a cohesionless soil and Mr. Bell's formula for clay, 
for the maximum bearing pressure on a foundation at a given depth, although giving 
irrational results in extreme cases, for practical cases give results that are well on the 
safe side. These formulae are given in Table 104. 

Unless they bear on rock, foundations for all but single-story buildings or other 
light structures should be taken down at least 3 ft. below the ground surface since, 
apart from the foregoing considerations, it is seldom that undisturbed soil which 
is sufficiently consolidated is reached at a less depth. In a clay soil a depth of 
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about 5 ft. is necessary in Britain to ensure protection of the bearing stratum from 
weathering. 

Eccentric Load. — When a foundation is subjected to a concentric load, that 
is when the centre of gravity of the superimposed load coincides with the centroid 
of the foundation, the bearing pressure on the ground is for practical purposes uniform 
and its intensity is equal to the total applied load divided by the total area. When 
the load is eccentrically placed on the base the pressure is not uniformly spread, but 
varies from a maximum at the side nearer the centre of gravity of the load to a 
minimum at the opposite side, or to zero at some intermediate point. The variation 
of pressure between these two extremes depends on the magnitude of the eccentricity 
and is assumed to be linear. The maximum and minimum pressures are given by 
the formulae in Table 104. For large eccentricities there may be a part of the founda- 
tion under which there is no bearing pressure. Although this state may be satis- 
factory for transient conditions (such as those due to wind), it is preferable for the 
foundation to be designed so that there is bearing pressure throughout under ordinary 
working conditions. 

Blinding Layer. — For reinforced concrete footings or other construction where 
there is no mass concrete at the bottom forming an integral part of the foundation, 
the bottom of the excavation should be covered with a layer of lean concrete in order 
to provide a clean surface on which to place the reinforcement. The thickness of 
this layer depends upon the compactness and wetness of the bottom of the excavation, 
and is generally from 1 in. to 3 in. The safe compressive stress in the concrete should 
be not less than the maximum bearing pressure on the ground. 

Types of Foundations. — The most suitable type of foundation depends, prim- 
arily, on the depth at which the bearing stratum lies and the safe bearing pressure 
which determines the area of the foundation. Data relating to common types of 
separate and combined reinforced concrete foundations, suitable for sites where the 
bearing stratum is near the surface, are given in Tables 104 and 105. Some types of 
combined bases are also given in Table 103. In selecting a type of foundation suitable 
for a particular purpose the type of structure should be considered. Sometimes it 
may have to be decided whether the risk of settlement can be taken in preference to 
providing a more expensive foundation. In the case of silos and fixed-end arches, 
risk of unequal settlement of the foundations must be avoided, but for gantries and 
bases for large steel tanks a simple foundation can be provided and probable settlement 
allowed for in the design of the superstructure. In mining districts, where subsidence 
is reasonably anticipated, a rigid raft foundation should be provided for small struc- 
tures in order that the structure may move as a whole ; as a raft may not be economical 
for a large structure, the latter should be designed as a flexible structure or as a series 
of separate structures each of which, on independent raft foundations, can accom- 
modate itself to movements of the ground without detriment to the structure as a whole. 

Separate Bases. — The simplest form of foundation for a reinforced concrete 
column or steel stanchion is the common pyramidal base ( Table 104). Such bases 
are suitable for concentric or slightly eccentric loads if the area exceeds about 10 sq. 
ft. For smaller bases, and for some bases on rock or other ground of high bearing 
capacity, a rectangular block of plain concrete is probably more economical; the 
thickness of the block must be sufficient to enable the load to be transferred to the 
ground under the entire area of the base at an angle of dispersion through the block 
of not less than 45 deg. to the horizontal. 
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To reduce the risk of unequal settlement, the sizes of separate bases for the 
columns of a building founded on a compressible soil should be in proportion to the 
dead load carried by each column. Bases for the columns of a storage structure 
should be in proportion to the total load, excluding the effects of wind. In all cases 
the pressure on the ground under any base due to the combined dead and live load, 
including wind load and any bending at the base of the column, must not exceed 
the safe bearing resistance of the ground. 

In the design of a separate base the area of a concentrically-loaded base (as in 
Table 104) is determined by dividing the maximum load on the ground by the safe 
bearing resistance. The thickness of a reinforced concrete footing of the common 
pyramidal shape is determined from consideration of resistance to shearing force and. 
bending. The critical shearing stresses are assumed to occur on a plane at a distance 
equal to the effective depth of the base from the face of the column. This is in 
accordance with the recommendations of the B.S. Code, as is the requirement that 
the maximum bending moment at any section shall be the sum of the moments of 
all the forces on one side of the section. The critical section for the bending moment 
on a base supporting a reinforced concrete column is at the face of the column, but 
for a base supporting a steel stanchion it is at the centre of the base. The appropriate 
formulae are given in Table 104. The moment of resistance of pyramidal bases cannot 
be determined with precision; the formulae are rational, but conservative. 

If the size of the base relative to its thickness is such that the load from the 
column can be spread by dispersion at 45 deg. over the entire area of the base, no 
bending moment need be considered and only nominal reinforcement need be provided. 
If the base cannot be placed centrally under the column, the pressure on the ground 
is not uniform, but varies as shown in Table 104. The base is then preferably rectan- 
gular in plan and the modified formulae for bending resistance are given in Table 104. 
A special case of an independent base with the equivalent of eccentric loading is a 
chimney foundation. 

A separate base may be subjected to moments and horizontal shearing forces in 
addition to a vertical concentric load. Such a base should be made equivalent to 
a concentrically-loaded base by placing the base eccentrically under the column to 
such an extent that the eccentricity of vertical load offsets the equivalent of the 
moments and shearing forces. This procedure is impracticable if the moments and 
shearing forces can act either clockwise or anti-clockwise at different times, in which 
case the base should be provided centrally under the column and designed as an 
eccentrically-loaded base complying with the two conditions. 

Tied Bases. — Sometimes, as in the case of the bases under the towers of a trestle 
or gantry, the bases are in pairs and the moments and shearing forces act in the same 
sense on each base at the same time. In such conditions the bases can be designed 
as concentrically-loaded and connected by a tie-beam which relieves them of effects 
due to eccentricity. Such a pair of tied bases is shown in Table 105, which also gives 
the formulae for the bending moment and other effects on the tie-beam. 

Balanced Foundations. — When it is not possible to place an adequate base 
centrally under a column or other load owing to restrictions of the site, and when 
under such conditions the eccentricity would result in inadmissible ground pressures, 
a balanced foundation as shown in Tables 103 and 105 is provided. This case is 
common in the external columns of buildings on sites in built-up areas. 

Combined Bases. — If the size of the bases required for adjacent columns is 
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so large that independent bases would overlap, two or more columns can be provided 
with a common foundation. Suitable types for two columns are shown in Table 105 
for concentrically-loaded bases and for a base that cannot be arranged relative to 
the columns so as to be concentrically loaded. It may be that, under some conditions 
of loading on the columns, the load on the combined base may be concentric, but, 
under either conditions, the load on the same base may be eccentric; alternative 
conditions must be taken into account. Some notes on combined bases are given 
on the page facing Table 103. 

Strip Bases. — When the columns or other supports of a structure are closely 
spaced in one direction, it is common to provide a continuous base similar to a footing 
for a wall. Particulars of the design of strip bases are given in Table 105. Some 
notes on these bases are given, in relation to the diagrams in Table 103, on the page 
facing the latter table, and an example is given on the page facing Table 105. 

Rafts. — When the columns or other supports of a structure are closely spaced 
in both directions, or when the column loads are so high, and the safe ground pressure 
so low, that a group of independent bases almost or totally covers the space between 
the columns, a single raft foundation of one of the types shown in (i) to (iv) in Table 
103 should be provided. Notes on these designs are given on the page facing the 
table. 

The analysis of a raft foundation supporting a series of symmetrically arranged 
equal loads is generally based on the assumption of uniformly-distributed pressure 
on the ground, and the design is similar to an inverted reinforced concrete floor upon 
which the imposed load is the ground pressure due to the superimposed loads only. 
Notes on the design of a raft when the columns are not symmetrically disposed are 
given on the page facing Table 103. 

Basements. — A basement, a typical cross-section of which is shown at (v) in 
the lower part of Table 103, is partly a raft, since the weights of the ground floor over 
the basement, the walls, and other structure above the ground floor, and the weight 
of the basement itself, are carried on the ground under the floor of the basement. For 
watertightness it is common to construct the wall and floor of the basement mono- 
lithically. In most cases the average ground pressure is low, but owing to the large 
span the bending moments are high and consequently a thick floor is required if the 
total load is assumed to be distributed uniformly over the whole area. Since the 
greater part of the load is transmitted through the walls of the basement, it is more 
economical to consider the load to be spread on a strip immediately under the walls 
if by so doing the ground pressure does not exceed the maximum allowable. The 
bending moment at the edge of the wall due to the cantilever action of this strip 
determines the thickness of the strip, and the remainder of the floor can generally 
be less thick. 

Where basements are in water-bearing soils the effect of water pressure must 
be taken into account. The upward water pressure is uniform below the whole area 
of the basement floor, which must be capable of resisting the pressure less the weight 
of the slab. The walls must be designed to resist the horizontal pressure of the 
water-logged ground. It is necessary to prevent the basement from floating. There 
are two critical stages. When the structure is complete the total weight of the base- 
ment and all superimposed dead loading must exceed the maximum upward pressure 
of the water by a substantial margin. When the basement only is complete, there 
must be an excess of downward load. If these conditions are not present, one 
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of the following steps should be taken, (i) The level of the ground-water near the 
basement should be controlled by pumping or other measures; (2) Temporary vents 
should be formed in the floor or at the base of the walls to enable water freely to 
enter the basement, thereby equalising the external and internal pressures; the vents 
should be sealed when sufficient dead load from the superstructure is obtained; (3) 
The basement should be temporarily flooded to a depth such that the weight of water 
in the basement, together with the dead load, exceed the total upward force on the 
structure. During the construction of the basement, method (1) is generally the most 
convenient, but when the basement is complete method (3) is preferable on account of 
its simplicity. The designer should specify the depth of water required, and a suit- 
able rule for ascertaining this depth in a large basement is to assume 1 ft. for every 
foot head of ground water less 1 ft. for every 5 in. thickness of concrete in the basement 
floor above the waterproof layer. The omission of the weights of the basement walls 
and the ground floor provides a margin of safety. 

Foundation Piers. — When a satisfactory stratum is found at 5 ft. to 15 ft. 
below the natural ground level a suitable foundation can be made by building up 
piers from the low-level to ground level, and commencing the construction of the 
columns or other supports on these piers at ground level The piers are generally 
square in cross-section, and can be constructed in brick, masonry, or plain or reinforced 
concrete. The maximum bearing pressure of the construction on the top of the pier 
depends on the material of the pier. Safe pressures on plain concrete, brickwork, 
and masonry, in accordance with B.S. Code 111, are given m Table 104; safe pressures 
on plain concrete in accordance with the London By-laws are given in Table 56. 

The economical size of the pier is when the load it carries is great enough to require 
a base to the pier equal in area to the smallest hole in which men can conveniently 
work; otherwise unnecessary excavation has to be taken out and refilled. For example, 
if a man can conveniently work in a hole one yard square at a depth of 12 to 15 ft., 
the total load would be 36 tons on a stratum capable of sustaining 4 tons per square 
foot. Generally it is better to provide as few piers as possible and to impose as much 
of the load as practicable on to each pier, thus making each pier of generous propor- 
tions. It may not be necessary to dig a hole larger than is required for the stem of 
the pier, as the ground at the bottom may be firm enough to be undercut for a widen- 
ing at the base. In the case of concrete piers this procedure reduces the amount 
of shuttering. 

Reinforced concrete columns can sometimes be economically taken down to 
moderate depths, but to avoid slender columns it is generally necessary to provide 
lateral support at ground level. 

When piers are impracticable, either by reason of the depth at which a firm 
bearing statrum occurs or due to the nature of the ground requiring timbering or 
continuous pumping, piles are adopted. 

Wall Footings. — When the load on a strip footing is uniformly distributed 
throughout its length, as in the general case of a wall footing, the principal bending 
moments are due to the transverse cantilever action of the projecting portion of the 
footing. If the wall is of concrete and is built monolithically with the footing, the 
transverse bending moment at the face of the wall is the critical bending moment. 
If the wall is of brick or masonry the maximum bending moment occurs under the 
centre of the wall. Expressions for these bending moments are given in Table 105. 
When the projection is less than the thickness of the base the transverse bending 



STRUCTURES AND FOUNDATIONS 119 

moments can be neglected, but in all cases the thickness of the footing should be such 
that the safe shearing stress is not exceeded. 

Whether wall footings are designed for transverse bending or not, if the safe 
ground pressure is low, longitudinal reinforcement should be inserted to resist possible 
longitudinal bending moments due to unequal settlement and non-uniformity of the 
load. One method of providing the amount of longitudinal reinforcement required 
for unequal settlement is to design the footing to span over a cavity (or area of soft 
ground) 3 ft. to 5 ft. wide, according to the nature of the ground. The longitudinal 
bending moment due to non-uniform load is calculated in the same way as for 
combined footings. 

Foundations for Machines. — The area of a concrete base for a machine or 
engine must be sufficient to spread the load on to the ground without exceeding the 
safe bearing pressure. It is an advantage if the shape of the base is such that the 
centroid of the bearing area coincides with the centre of gravity of the loads when 
the machine is working. This reduces the risk of unequal settlement. If vibration 
from the machine is transmitted to the ground the bearing pressure should be con- 
siderably lower than that generally assumed for the class of ground upon whioh 
the base bears, especially if the ground is clay or contains a large proportion of clay. 
It is often essential that the vibration of the machine shall not be transmitted to 
adjacent structures either directly or through the ground. In such cases a layer of 
cork or similar insulating material is placed between the concrete base carrying the 
machine and the ground. Sometimes the base is enclosed in a pit lined with insulating 
material. When transmission of vibration is particularly undesirable the base may 
stand on springs, or more elaborate damping devices may be installed. In all cases, 
however, the base should be separated from surrounding concrete ground floors. 

With light machines the bearing pressure on the ground may not be the factor 
that decides the area of the concrete base, since the area occupied by the machine 
and its frame may require a base of larger area. The position of the holding-down 
bolts generally determines the width and length of the base, which should extend 
6 in. or more beyond the outer edges of holes left for the bolts. 

The depth of the base must be such that the bottom is on a satisfactory bearing 
stratum and that there is sufficient thickness to accommodate the holding-down bolts. 
If the machine exerts an uplift on any part of the base, the dimensions of the base 
must be such that the part subjected to uplift has sufficient weight to resist the uplift 
with a suitable margin of safety. A single base should be provided under all the 
supports of one machine, and sudden changes in depth and width of the base should 
be avoided. This reduces risk of fractures that might result in unequal settlements 
that might throw the machine out of alignment. If the load from the machine is 
irregularly distributed on the base, the dimensions of a plain concrete base should 
be sufficient to resist the bending moments produced therein without overstressing 
the concrete m tension. If there is any risk of so overstressing the concrete, or if 
the operation of the machine would be adversely affected by cracking and deformation 
of the base, reinforcement should be provided to resist all tensile forces. 

Reinforced Concrete Piles. 

Precast Piles.— Reinforced concrete piles are either precast or cast insitu. 
Precast piles have been driven in lengths exceeding 100 ft., although when more than 
60 ft. long it is necessary to give special consideration to the design of the pile and 
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of the lifting and driving plant. Piles less than 15 ft. long are seldom economical. 
For ordinary work precast piles are generally square or octagonal and are from 8 in. 
to 18 in. wide. For their support, piles depend either on direct bearing on a firm 
stratum or on frictional resistance in soft strata, or more often on a combination of 
both resistances. The safe load on a pile depends on the load that the pile can safely 
carry as a column and on the load that produces settlement or further penetration 
of the pile into the ground. So many factors affect the load causing settlement for 
any particular pile that calculated loads are not very reliable unless associated with 
loading tests on driven piles. Such tests are often inconvenient and expensive, 
and frequently an engineer has to rely on computed loads and a large factor of 
safety. 

Formulae for calculating the safe load on a pile are either impact formulae 
which are applicable to bearing piles, or friction formulae which are applicable to 
piles that are supported by the frictional resistance of the ground in which they are 
embedded. The formula of Mr. Hiley includes most of the variants occurring in pile 
driving such as the weight and the type of the hammer, the fall of the hammer, the 
penetration per blow, the length of the pile, the type of helmet, the nature of the 
ground, and the material of which the pile is made. A modified form of this formula 
is given in Table 106, in which the constant c takes into account the energy absorbed 
in temporarily compressing the pile, the helmet, and the ground. Since the quake 
of the ground below the pile shoe is included, it follows that the nature of the ground 
in which the toe of the pile is embedded affects the value of c, and the tabulated 
values apply to firm gravel ; c must be increased if the pile is driven by a long dolly. 
The dimension 2 c is a quantity that is measurable on a pile while being driven, since 
it represents the difference between the permanent penetration for one blow and the 
greatest instantaneous depression of the pile head as measured at the top of the helmet. 
The efficiency of the blow depends on the ratio of the weight of the pile (including 
the weight of the helmet, dolly, cushioning, and the stationary parts of the hammer 
resting on the pile head) to the weight of the moving parts of the hammer. Values 
for the efficiency of the blow are given in Table 106, together with values of the effective 
fall which allow for the freedom or otherwise of the fall of the hammer. The resist- 
ance to driving as calculated by Mr. Hiley 's formula is subject to a factor of safety 
of 1 i to 3. If a pile is driven into clay or soils in which clay predominates, or into 
fine saturated sand, the resistance to further penetration may increase after the pile 
has been at rest for a while. This increase is due to the frictional resistance of the 
soil settling around the pile, but may be in part offset by a reduction in the bearing 
resistance, if on clay, which takes place in the course of time. Impact formulae 
are not therefore very reliable for piles driven into clay, nor for piles that are driven 
into sand with the assistance of a water-jet. 

When piles are driven into soft ground and depend solely upon friction between 
the sides of the pile and the ground for their support, the safe load can only be esti- 
mated approximately by considering the probable frictional resistance offered by the 
strata through which the pile is driven and the probable bearing resistance of the 
ground under the toe of the pile. Formulae may be of little assistance in this case; 
a test load on an isolated pile or on a group of piles is the most satisfactory means 
of determining the settlement load. 

A formula by which an estimate of the safe load on a pile driven entirely into clay 
can be derived is given in Table 106. Ah alternative formula is 
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Safe load (lb.) = + a (T 5 c + «» f L 1 )J 

The notation is as follows. C is the cohesive strength (lb. per sq. ft.) and w $ is the 
density (lb. per cu. ft.) of the clay; A is the cross-sectional area (sq. ft.) of the pile, 
the embedded length of which is Z. 1 (ft.); F is a factor of safety (see Table 106). 

Precast piles should be designed to withstand the stresses due to lifting, driving, 
and loading, with appropriate factors of safety. Overstressing the concrete during 
handling and slinging can be guarded against by arranging the position and number 
of the points of suspension so that the stresses due to bending moments produced by 
the weight of the pile are within safe limits. For square piles of i : if : 3$ concrete 
and having the ordinary percentage of longitudinal steel the maximum bending 
moment due to bending about an axis parallel to one side of the section should not 
exceed, say, 60JD* in. -lb., where D is the length of the side of the pile in inches, if 
cracking is to be avoided. 

The moment of resistance of a square pile bending about a diagonal is only 
about two-thirds of that when bending about an axis parallel to one of the sides. 
For this reason bending about a diagonal should be avoided where possible. If lifting 
holes are provided there is some assurance that the pile will not be lifted so as to 
bend about a diagonal. The lifting holes or the points of suspension should be 
arranged so that the smallest bending moments are experienced during lifting, and 
the positions for this condition for lifting at one or at two points are given in 
Table 106. 

The greatest compressive stress in a pile is generally that due to the driving 
and occurs near the head. If driving is severe helical binders should be provided at 
the top of the pile. Octagonal piles generally have helical binders throughout their 
length. 

In Table 106 is shown the reinforcement in a square precast reinforced concrete 
pile, in which helical binders at the head of the pile are provided. The arrangement 
of the lifting holes and spacers is also indicated. For driving into clay, gravel or sand, 
a pile shoe having an overall taper of about 2 to 1, as shown, is generally satisfactory, 
but for other types of soil other shapes of shoe are necessary. If the pile has to 
be driven through soft material to bear on gravel overlying softer ground it is neces- 
sary to have a blunter shoe to prevent punching through the thin stratum. For 
friction piles driven into soft material throughout a shoe is not absolutely necessary, 
and a blunter end should be formed as shown in Table 106. When driving through 
soft material to a bearing on soft rock or stiff clay, the form of pile end shown for this 
case is satisfactory so long as driving ceases as soon as the firm stratum is reached 
or is only just penetrated. When driving down to hard rock, or where heavy boulders 
are anticipated, a special shoe or point as shown should be fitted. 

Irrespective of the load a pile can carry before settlement occurs, the stresses 
produced by the load on the pile acting as a column should be considered. For 
calculation of the reduction of load due to slenderness (see Table 83) the effective 
length of the pile can be considered as two-thirds of the length embedded in soft soil, 
or one-third of the length embedded in a fairly firm ground, plus the length of pile 
projecting above the ground. The end conditions of a pile are generally equivalent 
to one end fixed and one end hinged. 

Arrangement of Piles. — In preparing plans of piled foundations attention 
must be given to the practicability of driving as well as to effectiveness for carrying 
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loads. In order that each pile in a group shall carry an equal share of the load the 
centre of gravity of the group should coincide with the centre of the superimposed load. 
Hie clear distance between any two piles should generally be not less than 2 ft. 6 in. 
So far as possible piles should be arranged in straight lines in both directions through- 
out any one part of a foundation, as this form reduces the amount of movement of 
the driving frame. The arrangement should also allow for driving to proceed in such 
a way that any displacement of earth due to consolidation in the piled area shall be 
free to take place in a direction away from the piles already driven. 

Pile-caps. — Pile-caps should be designed primarily for punching shear around 
the heads of the piles and around the column base and for bending moment due to 
transferring the load from the column to the piles. The thickness of the cap should 
also be sufficient to provide adequate bond length for the bars projecting from the 
pile and for the dowel bars for the column. If the thickness is such that the column 
load can all be transmitted to the piles by dispersion no bending moments need be 
considered, but generally when two or more piles are placed under one column it is 
necessary to reinforce the pile-cap for the bending moments produced. 

Loads on Piles in a Group. — If the centre of gravity of the total load Wt 
on a group of N vertical piles is at the centre of gravity of the piles, each pile will 

W T 

be equally loaded, and will be subjected to a load If the centre of gravity of 

the load is displaced a distance e from the centre of gravity of the group of piles, 

/ 1 ed x \ 

the load on any one pile is ± ££*)» where * s the sum of the squares of 

the distance of each pile measured from an axis passing through the centre of gravity 
of the group of piles and at right angles to the line joining this centre of gravity to 
the centre of gravity of the applied load; d x is the distance of the pile considered 
from this axis, and is positive if it is on the same side of the axis as the centre of 
gravity of the load and negative if it is on the opposite side. 

If the structure supported on the group of piles is subject to a bending moment 
M , which is transmitted to the foundations, the expression given for the load on any 
pile can be used by substituting e = M /Wt- 

The total load that can be carried on a group of piles is not necessarily the safe 
load calculated for one pile multiplied by the number of piles, as allowance must be 
made for the overlapping of the zones of stress in the soil supporting the piles. The 
reduction due to this effect is greater in a group of piles that are supported mainly 
by friction. For piles supported entirely or almost entirely by bearing the maximum 
safe load on a group cannot greatly exceed the safe load on the area of the bearing 
stratum covered by the group. 

Cast-insitu Piles. — The following advantages are obtained with cast-insitu 
piles, although all are not applicable to any one system. 

The length of each pile conforms to the depth to the bearing stratum and no 
pile is too long or too short; cutting-off surplus lengths or lengthening insitu is not 
therefore required. The top of a pile can be at any level below ground, and in some 
systems at any level above ground. The formation of an enlarged foot giving a 
greater bearing area is possible with some types of piles. With tube-driven or mandrel- 
driven piles it is possible to punch through a thin intermediate hard stratum. Boring 
shows the class of soil through which the pile passes and the nature of the bearing 
stratum can be observed. A bored pile has little frictional resistance, but greater 
frictional resistance in soils such as compact gravels is obtained in tube-driven types 
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where the tube is withdrawn. Bored piles have no ill-effect on adjacent piles or on 
the level of the ground due to consolidation of ground when several piles are driven 
in a constricted atea. Boring piles is less noisy and is vibrationless; only a small 
headroom is required. 

Some of the advantages of a precast pile over a cast-insitu pile are that hardening 
of the concrete is unaffected by deleterious ground waters; that the pile can be 
inspected before being driven into the ground; that the size of the pile is not affected 
by water in the ground (this applies also to cast-insitu types with a central core) ; 
and that the pile can be driven into ground that is below water. In neither the 
precast pile nor the cast-insitu pile are damage to, or faults in, the pile visible after 
it is driven or formed. The designer must consider the conditions of any problem, 
and select the pile which complies with the requirements. 

Groups of Inclined and Vertical Piles. — Table 107 and the examples on the 
pages facing Tables 106, 107 and 108, relate to the loads on piles in a group that project 
above the ground, as in a wharf or jetty. For each probable condition of load the 
external forces are resolved into horizontal and vertical components H and W, the 
points of application of which are also determined. If the direction of action and 
position are opposite to those shown in the diagrams, the signs in the formulae must 
be changed. It is assumed that the piles are surmounted by a rigid pile-cap or super- 
structure. The effects on each pile when all the piles are vertical are based on a 
simple, but approximate, statical analysis. Since a pile has little resistance to 
bending, structures with vertical piles only are not suitable when H predominates. 
The resistance of an inclined pile to horizontal force is considerable. In groups con- 
taining inclined piles, the bending moments and shearing forces on the piles are 
negligible. The ordinary theoretical analysis, upon which Table 107 is based, assumes 
that each pile is hinged at the head and toe. Although this is not an accurate 
assumption, the theories based thereon accord fairly well with the behaviour of actual 
groups of piles. 

Wharves and Jetties. 

The loads, pulls, blows, and pressures to which wharves and jetties and similar 
waterside and marine structures may be subjected are dealt with on page 14. Such 
structures may be a solid wall of plain or reinforced concrete, as are most dock walls 
and some quays, in which case the pressures and principles described on pages 19 et seq. 
and in Tables 10 to 13 and 100 for retaining walls apply. A quay or similar waterside 
wall is more often a sheet-pile wall, which is dealt with in Tables 101 and 102, or it 
may be an open-piled structure similar to a jetty. Piled jetties and the piles for such 
structures are considered in Tables 106 and 107. If the piles in a group containing 
inclined piles are arranged symmetrically, the summations in Table 107 are simplified 
thus: Z % = o; G = 27x27* ; y 0 = - (27 4 -r Z s ); Z 3 is not required since x 0 = o«5*». 
Three designs of the same typical jetty are given on the pages facing Tables 106, 107 
and 108. 
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SECTION 6 

SPECIFICATIONS AND QUANTITIES 
Contract Documents. 

Documents relating to a contract are the Form of Tender, Form of Agreement, 
Conditions of Contract, Specification, and in most cases Bills of Quantities, a Schedule 
of Prices, and Contract Drawings. The drawings are later amplified by working 
drawings and bar-bending schedules. Standard forms of tender and agreement 
should be used. Since the Conditions of Contract include clauses of a legal nature, 
it is advisable to use a standard form such as those of the Royal Institute of British 
Architects for building contracts under the supervision of an architect, of the Insti- 
tution of Structural Engineers for a contract of purely structural nature, or of the 
Institution of Civil Engineers for structural work combined with civil engineering. 
The Specification is generally divided into one part dealing with materials and an- 
other with workmanship and manufactured goods. A specification suitable for 
ordinary reinforced concrete construction follows. It should not be used without 
making sure that all the requirements apply. Generally some clauses or parts of 
clauses will have to be omitted or altered and other requirements may have to be 
inserted. 

As British Standards are often revised, the year of publication of the latest 
Standard should be inserted where required. The engineer should read each British 
Standard quoted to ensure that his decisions on all optional requirements are expressed 
in the Specification for the works. 

A Specification for Reinforced Concrete Construction. 

Materials. — Materials used in the Works shall be new, of the qualities and 
kinds specified herein and equal to approved samples. Delivery shall be made 
sufficiently in advance to enable further samples to be taken and tested if required. 
No materials shall be used until approved, and materials not approved shall be 
immediately removed from the Works at the Contractor's cost. 

Materials shall be transported, handled, and stored on the site or elsewhere in 
such a manner as to prevent damage, deterioration, or contamination. 

Reinforcement. — Mild steel bars shall be plain round hot-rolled steel bars 
complying with B.S. No. 785. Cold-drawn wire shall be plain round cold-drawn 
hard mild steel wire complying with B.S. No. 785. Twisted square and twin-twisted 
bars shall be rolled mild steel bars of suitable sizes which have been twisted when 
cold and shall comply with B.S. No. 1144. Welded wire fabric, twisted square-bar 
fabric, or expanded metal shall comply with the appropriate part of B.S. No 1221. 
Twisted ribbed bars and other reinforcement for which there is no British Standard 
shall comply with the Engineer's requirements. 

Reinforcement shall be free from pitting, loose rust, mill scale, paint, oil, grease, 
adhering earth, ice, or any other material that may impair the bond between the 
concrete and the reinforcement or that may cause corrosion of the reinforcement or 
disintegration of the concrete. Adhering limewash or cement grout shall be permitted. 

Neither the size nor length of a bar or wire shall be less than the size or length 
described in the bar schedule or elsewhere, and the length shall be not more than 
2 in. in excess of the length so described. 

Cement. — The cement shall be ordinary-setting cement of approved manufacture 
and shall comply with B.S. No. 12 for ordinary and rapid-hardening Portland cement, 
B.S. No. 146 for Portland-blastfumace cement, B.S. No. 915 for high-alumina cement, 
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or B.S. No. 1370 for low-heat Portland cement. Compression tests on cement-sand 
cubes shall be made instead of tensile tests. Sulphate-resistant and other special 
cements shall comply with the Engineer's requirements. 

All cement shall be fresh when delivered. Cements of different types shall not 
be mixed one with another. Consignments shall be used in the order of delivery. 
Admixtures shall be used only if approved. 

Aggregate. — Materials used as aggregates shall be obtained from a source known 
to produce aggregates satisfactory for concrete and shall be chemically inert, strong, 
hard, durable, of limited porosity, and free from adhering coatings, clay lumps, coal 
and coal residues, and organic or other impurities that may cause corrosion of the 
reinforcement or may impair the strength or durability of the concrete. Aggregates 
shall be tested in accordance with the requirements of B.S. No. 812 and the results 
of such tests shall be as hereinafter specified, the percentages being by weight unless 
the context indicates otherwise. 

Fine Aggregate. — Fine aggregate shall be natural sand or sand derived by 
crushing gravel or stone and shall be free from coagulated lumps. Sand derived 
from stone unsuitable for coarse aggregate shall not be used as fine aggregate. 

The caustic-soda test for organic impurities shall show a colour not deeper than 
that of the standard solution. The amount of fine particles as ascertained by the 
laboratory sedimentation test shall not exceed 10 per cent, for crushed stone and 
3 per cent, for natural sand or crushed gravel. In the settling test, and after being 
allowed to settle for three hours, the thickness of the layer of silt deposited on the 
coarser material shall not exceed 6 per cent, by volume. 

The grading of fine aggregate shall be such that not more than 10 per cent, shall 
exceed A- i n - in size. For a natural sand or crushed gravel not more than 10 per cent., 
and for crushed stone not more than 20 per cent., shall pass B.S. sieve No. 100. 
Between these limits the grading shall conform to the grading for either Zones 1, 2, 
or 3 (B.S. 882), or Zone 4 if so instructed. 

Coarse Aggregate. — Coarse aggregate shall be crushed or uncrushed gravel or 
crushed stone. The pieces shall be angular or, except for concrete surfaces subject 
to abrasion, rounded in shape and shall have granular or crystalline or smooth (but 
not glassy), non-powdery surfaces. Friable, flaky, and laminated pieces, mica, and 
shale shall only be present in such quantities as not to affect adversely the strength 
and durability of the concrete. 

The “ aggregate crushing value " shall not exceed 45 per cent, and for concrete 
surfaces subject to abrasion shall not exceed 30 per cent. The amount of fine particles 
occurring in a free state or as a loose adherent shall not exceed 1 per cent, when 
determined by the laboratory sedimentation test. After twenty-four hours' immersion 
in water, a previously-dried sample of the coarse aggregate shall not have gained 
in weight more than 10 per cent, or not more than 5 per cent, if for use in imper- 
meable construction. 

The grading of coarse aggregate shall be such that not more than 5 per cent, 
shall be larger than f-in. and not more than 10 per cent, shall be smaller than A in. 
and not less than 25 per cent, or more than 55 per cent, shall be smaller than | in. 

" All-in " Aggregate. — All-in aggregate shall comply in all respects except 
grading with the requirements for fine and coarse aggregates, and for the purposes 
of all tests except the grading test shall be separated into material smaller than A in. 
and material A in. and over; these materials shall be considered as fine and coarse 
aggregates respectively. 

The grading of all-in aggregate shall be such that not more than 5 per cent, shall 
exceed 1$ in. and not more than 6 per cent, shall pass B.S. sieve No. 100, and not 
less than 45 per cent, or more than 75 per cent, shall be smaller than } in. and not less 
than 25 per cent, or more than 45 per cent, shall be smaller than £ in. 

Water. — Water shall be clean and fresh and free from organic or inorganic 
matter in solution or suspension in such amounts that may impair the strength or 
durability of the concrete. Water shall be obtained from a public supply where 
possible, and shall be taken from any other source only if approved. No sea-water 
or water from excavations shall be used. Only water of approved quality shall be 
used for washing out shuttering, curing concrete, and similar purposes. 
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Hollow Clay Blocks.— Hollow clay blocks for use in the construction of slabs 
shall be accurate in shape, free from twist, and with right-angles at all external corners. 
The external dimensions shall be as described on the drawings or elsewhere within 
a tolerance of 5 per cent, under or over. The thickness of material shall nowhere 
be less than 4 in. The blocks shall be sound, free from cracks and lime, well and 
evenly burnt, of uniform density, and with a crushing strength not less than 2,500 lb. 
per square inch. Tests for shape and strength shall be made in compliance with 
B.S. No. 1100 and the results of such tests shall be within the limits specified therein. 
The average weight of any twelve blocks shall not exceed the weight given on the 
drawings or elsewhere. All faces of blocks intended to receive plaster or rendering 
shall be scored or roughened in an approved manner to form a key. 

Filling Material.— Materials for filling shall be uniform in character throughout 
and free from substances that by decay or otherwise may cause the formation of 
hollows or cavities or otherwise affect the stability of the filling. 

Earth filling shall be selected material obtained from the excavation or other 
approved source. No soft chalk or clay or earth with a predominating clay content 
shall be used. Hardcore shall be selected hard clean gravel, broken brick, broken 
concrete, broken or crushed stone, quarry waste, or similar approved material. 
Concrete for filling shall have the proportions described. 

Workmanship. — The workmanship shall be of the quality specified, and all 
persons employed on the Works or elsewhere in connection with the Works shall be 
competent and skilled in their respective occupations. 

Excavation.— The site of the Works shall be cleared and excavated or filled to 
the levels given on the drawings or elsewhere. Excavations shall be of the width 
and length necessary for the construction of the foundations or other work below 
ground. The depths of all excavations shall be decided by the Engineer. The 
Contractor shall record on a suitable plan, which shall be deposited with the Engineer, 
the depth of every foundation as constructed. . 

Any obstacle encountered during the excavation shall be reported to the Engineer 
and shall be dealt with as then instructed. . , 

Material taken out of the excavation shall be disposed of as instructed. 

The Contractor shall supply and maintain and remove any necessary planking 
and strutting, sheet-piling, or cofferdams, and shall by pumping or other approved 
means maintain the excavations free from water. . .. , . 

Excavations shall be left open for as short a period as practicable. Immediately 
before foundations or other work be constructed therein, the sides of the excavation 
shall be trimmed if necessary, and the bottom shall be cleaned and if m loose or dis- 
turbed ground shall be well rammed, and the whole shall be approved. 

Depositing Filling. — Natural hollows or pockets where soft ground has been 
taken out below the level of foundations or ground slabs or similar shall be filled 
with hardcore or 1 : 6 concrete or earth filling as instructed. Earth filling shall be 
in layers not exceeding 8 in. thick, each layer being well rammed to the same degree 
of consolidation as the surrounding ground. . 

Filling behind or at the sides of foundations or other work under ground shall 
consist entirely of earth surplus from the excavations and shall be deposited as the 
work proceeds in layers not exceeding 1 ft. thick, each layer being well rammed. 
Filling behind retaining walls or similar shall consist of approved selected earth 
deposited gently against the back of the wall in layers not exceeding 3 ft. in depth 
unless otherwise instructed. The earth shall be prevented from mixing with the 
rubble backing (if any) behind the wall, and the earth and rubble shall be brought 

UP Preparation of Ground below Permanent Construction. — Plain concrete 
in foundations or site concrete shall be placed in direct contact with the bottom of 
the excavation, the concrete being deposited in such a manner as not to be mixed 

with^the ^rth^ ^ excavat i ons f or reinforced concrete work shall be covered with 
a " blinding ” layer of 1 : 6 concrete not less than 2 in. thick, finished to a smooth 
surface. The required cover of concrete under the reinforcement shall be entirely 
above the blinding layer. 
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Bending Reinforcement. — Reinforcement bars shall be bent by machine or 
other approved means producing a gradual and even motion. Bars shall be bent 
cold unless the Engineer shall approve bars of over 1 in. in size being bent hot. Bars 
bent hot shall not be heated beyond cherry-red colour and after bending shall be 
allowed to cool slowly without quenching. Bars dependent on cold-working for their 
strength shall always be bent cold. 

Bars incorrectly bent shall be used only if the means used for straightening and 
rebending be such as shall not injure the material. No reinforcement shall be bent 
when in position in the Works without approval, whether or not it is partially embedded 
in hardened concrete. 

Bends shall comply with the dimensions given in the bending schedule. Dimensions 
of bent bars and internal dimensions of binders and the like shall not exceed the 
dimensions given on the bar schedule or elsewhere. Unless described otherwise, 
bending dimensions shall conform to B.S. 1478. 

The internal radii of bends shall be not less than twice the size of the bar unless 
described to the contrary. The internal radii of the bends at corners of binders 
or the like shall be half the size of the bar embraced by the binder. For the purpose 
of this requirement the size of a bar shall mean the diameter of a plain round bar or 
wire, or one-and-a-half times the nominal dimension of the side of a twisted square 
bar, or the nominal diameter of a deformed bar of any other type. 

Fixing Reinforcement. — Reinforcement shall be accurately fixed and by 
approved means maintained in the position described on the drawings or elsewhere. 
Bars intended to be in contact at passing points shall be securely wired together at 
all such points with No. 16 gauge annealed soft-iron tying wire. Binders and the like 
shall tightly embrace the bars with which they are intended to be in contact and 
shall be securely wired or if approved welded thereto. 

Immediately before concreting, the reinforcement shall be examined for accuracy 
of placing and cleanliness and corrected if necessary. 

Reinforcement projecting from work being concreted or already concreted shall 
not be bent out of its correct position for any reason unless approved and shall be 
protected from deformation or other damage. 

The cover of concrete to the reinforcement shall be as described on the drawings 
and shall be provided and maintained within a tolerance £ in. under and over (except 
where specified as a minimum) by means of distance pieces of cement mortar or other 
approved material. 

The vertical distances required between successive layers of bars in beams or 
similar members shall be maintained by the provision of mild steel spacer bars inserted 
at such intervals that the main bars do not perceptibly sag between adjacent spacer bars. 

Welding Reinforcement. — If butt jointing of reinforcement bars by electric-arc 
welding be approved, the Engineer's requirements or the regulations of the local or 
other authority shall be complied with and all operations connected therewith shall 
be done only by men skilled thereat. These requirements shall not apply to the 
spot-welding of binders or the like to main bars where approved or to electrically- 
welded fabric. No welding shall be done in connection with twisted bars or other 
reinforcement (excepting cold-drawn wire) the strength of which depends on cold- 
working. 

Shuttering. — Shuttering for concrete shall be rigidly constructed of approved 
material and shall be true to the shape and dimensions described on the working 
drawings. Timber shall be well seasoned, free from loose knots and, except where 
otherwise approved, wrought on all faces. Faces in contact with concrete shall be 
free from adhering grout, projecting nails, splits, or other defects. Joints shall be 
sufficiently tight to prevent the leakage of cement grout and to avoid the formation 
of fins or other blemishes. Faulty joints shall be caulked. Where described on the 
working drawings or elsewhere the position and direction of the joints shall be as so 
described. Unless described on the working drawings or elsewhere to the contrary, 
i-in. by i-in. chamfers shall be formed on the external corners of concrete members. 
Openings for inspection of the inside of the shuttering and for the escape of water 
used for washing out shall be formed so that they can be conveniently closed before 
placing the concrete. 
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Connections shall be constructed to permit easy removal of the shuttering and 
shall be either nailed, screwed, bolted, clamped, wired, or otherwise secured so as to 
be strong enough to retain the correct shape during consolidation of the concrete. 
Bolt holes in concrete shall be made good after removal of the bolts. Wire ties passing 
through concrete shall be used only where approved, and the ends of the wires shall 
be concealed and measures taken to prevent rust stains on the concrete. 

Shuttering shall be provided for the top faces of sloping work, and anchored to 
prevent flotation, where the slope exceeds i in 2J. 

Shuttering shall be true to line and braced and strutted to prevent deformation 
under the weight and pressure of the wet concrete, constructional loads, wind, and 
other forces. The deflection shall not exceed J in. Bottoms of beam boxes shall 
be erected with an upward camber of J in. for each 10 ft. of span. If so instructed 
the designs for the shuttering shall be submitted for approval before construction. 

The shuttering for beams and slabs shall be erected so that the shuttering on 
the sides of the beams and of the soffits of slabs can be removed without disturbing 
the beam bottoms. Re-propping of beams shall not be done except when, with the 
approval of the Engineer, props be reinstated in anticipation of loads in excess of the 
design load. Vertical props shall be supported on wedges, or other measures shall 
be taken whereby the props can be gently lowered vertically when commencing to 
remove the shuttering. Props for an upper story shall be placed directly over those 
in the story immediately below and the lowest prop shall bear upon work sufficiently 
strong to carry the load. 

If the shuttering for a column is erected to the full height of the column, one 
side shall be left open and shall be built up in sections as placing the concrete 
proceeds. 

Before placing the concrete, bolts and fixings shall be in position, and cores and 
other devices used for forming openings, holes, pockets, chases, recesses, and other 
cavities shall be fixed to the shuttering. No holes shall be cut in any concrete unless 
approved. 

An approved mould oil or other material shall be applied to faces of shuttering 
in contact with wet concrete to prevent adherence of the concrete. Such coatings 
shall be insoluble in water, non-staining, and not injurious to the concrete, and shall 
not become flaky or be removed by rain or wash-water. Liquids that retard the 
setting of concrete shall be used only when approved. Mould oil, retarding liquid, 
and similar coatings shall be kept from contact with the reinforcement. 

Proportions of Concrete. — The aggregate shall be measured by volume (unless 
instructed to be measured by weight) in an approved container which shall be filled 
without compacting with the aggregate to a predetermined uniform depth, accurate 
allowance being made for bulking due to the moisture in the fine aggregate. The 
cement shall be measured by weight. If stored in bags, one or more complete bags 
containing 112 lb. of cement shall be used for each batch of concrete. If stored loose 
the cement shall be measured by weight by approved means. 

If the proportions of cement and aggregate are not otherwise described on the 
drawings or elsewhere, the concrete shall be mixed in the proportions of 1 cwt. of 
Portland cement to 2j cu. ft. of sand (measured when dry) and 5 cu. ft. of coarse 
aggregate. These quantities or others as described shall be altered if instructed and 
any alteration between the proportions of 1 part of fine aggregate to ij parts of coarse 
aggregate and 1 part of fine aggregate to 2 parts of coarse aggregate shall be made 
without any alteration in the charge made by the Contractor. 

Only suflicient water shall be added to the cement and aggregate during mixing 
to produce a concrete having sufficient workability to enable it to be well consolidated, 
to be worked into the comers of the shuttering and around the reinforcement, to give 
the specified surface finish, and to have the specified strength. When a suitable 
amount of water has been determined the resulting consistency shall be maintained 
throughout the corresponding parts of the work, and approved tests shall be conducted 
from time to time to ensure the maintenance of this consistency. 

If difficulty be experienced in placing concrete of the specified proportions and 
approved consistency between and below the reinforcement bars in the bottom of 
beams and similar members, the bars shall be embedded in concrete of improved 
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workability by increasing the amount of cement as approved and by using aggregates 
of approved smaller maximum size than specified. 

Mixing Concrete. — The cement and aggregates shall be thoroughly mixed 
together in the proportions described in a batch-type mechanical mixer, unless other- 
wise approved. The water shall not be admitted to the drum of the mixer until 
all the cement and aggregate constituting the batch are in the drum. Mixing shall 
continue until the concrete is uniform in colour and for not less than two minutes 
after all the materials and water are in the drum. The entire contents of the drum 
shall be discharged before the materials for the succeeding batch are fed into the drum. 
No partly-set or retempered concrete shall be used. Partly-set or excessively wet 
concrete shall not be used on the Works and shall be immediately removed therefrom. 

Strength of Concrete. — The compressive strength of the concrete at twenty- 
eight days shall be not less than 3000 lb. per square inch or such other strength as 
is described on the drawings or elsewhere, except that if rapid-hardening Portland 
cement is used the required strength shall be attained in seven days. 

The compressive strength shall be ascertained by crushing 6-in. cubes of concrete, 
the cubes being made on the Works and tested as instructed. The Contractor shall 
pay all costs incurred in supplying the material for, and in making, maturing, delivering, 
and testing the cubes and shall be reimbursed for the costs of cubes that attain the 
required strength. 

Distribution of Concrete. — The concrete shall be distributed from the mixer 
to the position of placing in the Works by approved means which do not cause 
separation or otherwise impair the quality of the concrete. 

Mixing and distributing equipment shall be clean before commencing mixing 
and distribution of the concrete and such equipment shall be kept free from set concrete. 

Placing Concrete. — Before proceeding to place the concrete, the shuttering 
shall be re-aligned if necessary and water and rubbish therein shall be removed by 
approved means. Immediately prior to placing the concrete, the shuttering shall be 
well wetted except in frosty weather and inspection openings shall be closed. 

The interval between adding the water to the dry materials and the completion 
of the placing of the concrete shall not exceed twenty-five minutes. 

Except where otherwise approved concrete shall be placed in the shuttering by 
shovels or other approved implements and shall not be dropped from a height or 
handled in a manner which will cause separation. Accumulations of set concrete on 
the reinforcement shall be avoided. Concrete shall be placed directly in its permanent 
position and shall not be worked along the shuttering to that position. 

Each layer of concrete while being placed shall be consolidated by approved 
methods of ramming, tamping, or mechanical vibration to form a dense material with 
all surfaces free from honeycombing and tolerably free from water and air holes or 
other blemishes. Any water accumulating on the surface of newly-placed concrete 
shall be removed by approved means, and no further concrete shall be placed thereon 
until such water be removed. 

No unset concrete shall be brought into contact with unset concrete containing 
cement of a different type. 

Unless otherwise approved, concrete shall be placed in a single operation to the 
full thickness of slabs, beams, and similar members, and shall be placed in horizontal 
layers not exceeding 3 ft. deep in walls, columns, and similar members. Concrete 
shall be placed continuously until completion of the part of the work between con- 
struction joints as specified hereinafter or of a part of approved extent. At the 
completion of a specified or approved part a construction joint of the form and in the 
position hereinafter specified shall be made. If stopping of concrete placing be un- 
avoidable elsewhere, a construction joint shall be made where the work is stopped. 

Tremies, bottom-opening skips, or other equipment used for placing concrete 
under water shall be of approved design and shall be used as instructed by the Engineer. 
No concrete shall be placed if the temperature of the water is below 35 deg. F. Con- 
crete placed between tides shall be shuttered on all faces, the top face being closed 
immediately after completion of placing and before subsequent submersion. No 
pumping that may adversely affect the concrete being placed shall be done while 
placing or within twenty-four hours of placing the concrete. 
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Placing Concrete in Cold Weather. — No concrete shall be mixed or placed 
while the temperature is below 34 deg. F. on a rising thermometer or below 36 deg. F. 
on a falling thermometer. The Contractor shall supply an accurate maximum and 
minimum thermometer and hang it in an approved position on the Works. Aggre- 
gates that have been exposed to frost shall not be used until completely thawed. 
Concrete shall be maintained by approved means at a temperature of not less than 
40 deg. F. during placing and for a period of three days thereafter, or for a period of 
one day thereafter if rapid-hardening Portland cement or high-alumina cement is 
used. All concrete placed during cold weather or when a frost is predicted or is likely 
to occur or occurs contrary to expectation, shall be protected from freezing by approved 
means. 

Hollow Clay Block Slabs. — Hollow clay blocks shall be laid true to line and 
accurately spaced. Joints between blocks shall be pointed and faces of blocks in 
contact with concrete shall be given a thick coat of cement slurry immediately before 
placing the concrete. Broken blocks shall not be used and shall be removed from 
the Works. Approved stop-ends shall be inserted to close the open ends of each line 
of blocks. If so described, clay-tile slips of approved thickness shall be provided at 
the bottom of each concrete rib. Blocks shall be well soaked in water before placing 
the concrete and slurry. 

The concrete in the ribs between the blocks, in the slab over the blocks, and in 
the solid slab around the edges of the area laid with blocks shall be placed in one 
operation and shall be mixed in the nominal volumetric proportions of 1 : i£ : 3 using 
coarse aggregate having a maximum size of £ in. 

Construction Joints. — Construction joints shall be rebated and of an approved 
shape and shall be vertical or horizontal, as required, except that in an inclined or 
curved member the joint shall be at right-angles to the axis of the member. 

Construction joints shall be provided in the positions described on the drawings 
or elsewhere and where not so described shall be in accordance with the following. 
A joint shall be formed horizontally at the top of a foundation and 3 in. below the 
lowest soffit of the beams meeting at the head of a column. A joint shall be formed 
in the rib of a large tee-beam and ell-beam 1 in. below the soffit of the slab. Concrete 
in a haunch or a splay on a beam or a brace, and in the head of a column where one 
or more beams meet, shall be placed without a joint at the same time as that in the 
beam or beams or brace. Concrete in the splay at the junction of a wall and a slab 
shall be placed without a joint at the same time as that in the slab. Concrete in 
a beam shall be placed throughout without a joint, but if the provision of a joint 
is unavoidable the joint shall be vertical and at the middle of a span. A joint in a 
slab shall be vertical and parallel to the principal reinforcement; where it is unavoid- 
ably at right-angles to the principal reinforcement the joint shall be vertical and at 
the middle of the span. 

Before placing new concrete against concrete that has already hardened, the 
face of the old concrete shall be cleaned and roughened and scum and loose aggregate 
removed therefrom, and immediately before placing the new concrete the face shall 
be thoroughly wetted and a coating of neat cement grout applied thereto. The new 
concrete shall be well rammed against the prepared face before the grout sets. 

Structure Joints. — Expansion joints, contraction joints, hinges, or other 
permanent structure joints shall be provided in the positions and of the form described 
in the drawings or elsewhere. 

Protection of Concrete. — Newly-placed concrete shall be protected by ap- 
proved means from frost, rain, sun, and drying winds. Exposed faces of concrete 
be kept moist by approved means for seven days after placing or for three days 
if rapid-hardening Portland cement is used, except if there is a likelihood of curing 
water or damp coverings freezing, when the period shall be as instructed by the Engineer. 

Concrete placed below the ground shall be protected from falling earth during 
and after placing. Concrete placed in ground containing deleterious substances shall 
be kept free from contact with such ground and with water draining therefrom during 
placing and for a period of three days or as otherwise instructed thereafter. The 
ground-water around a structure below the ground shall be kept to an approved level 
by pumping, or the Works shall be flooded or other approved means taken to prevent 
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flotation. Approved means shall be taken to protect immature concrete from damage 
by debris, ice, excessive loading, vibration, abrasion, deleterious ground-water, mixing 
with earth or other materials, flotation, and other influences that may impair the 
strength and durability of the concrete. 

Removal of Shuttering. — Shuttering shall be removed by gradual easing 
without jarring. Before removal of the shuttering the concrete shall be examined 
and removal shall proceed only in the presence of a competent supervisor and if the 
concrete has attained sufficient strength to support its own weight and any load 
likely to be imposed upon it. If the imposition of a load exceeding the design load 
is anticipated, props shall be provided in an approved manner after removal of the 
shuttering and before the imposition of the load. The Contractor shall record on the 
drawings or elsewhere the date upon which the concrete is placed in each part of the 
work and the date upon which the shuttering is removed therefrom. The assessment 
of the period elapsing between placing the concrete and removing the shuttering and 
consequences arising therefrom shall be the Contractor's entire responsibility. 

The shuttering for a part of a structure suspended from concrete placed subse- 
quently to that in or on the shuttering concerned shall not be removed until the 
supporting concrete has matured, and such shuttering shall be prominently marked 
as a warning against premature removal. 

Finishes. — Honeycombed surfaces shall be made good immediately upon removal 
of the shuttering, and superficial water and air holes shall be filled in. Unless 
instructed to the contrary the face of exposed concrete placed against shuttering 
shall be rubbed down immediately upon removal of the shuttering to remove fins or 
other irregularities. The face of concrete for which shuttering is not provided, other 
than slabs, shall be smoothed with a wooden float to give a finish equal to that of the 
rubbed-down face where shuttering is provided. The top face of a slab which it is 
not intended to cover with other materials shall be levelled and floated while unset 
to a smooth finish at the levels or falls shown on the drawings or elsewhere. The 
floating shall be done so as not to bring an excess of mortar to the surface of the 
concrete. Indentations in the surface of the concrete shall be formed by approved 
implements to the depths and patterns described. The top face of a slab intended 
to be surfaced with mortar, granolithic, or similar material shall be left with a spaded 
finish. 

Concealed concrete faces shall be left as from the shuttering except that honey- 
combed surfaces shall be made good. Faces of concrete intended to be rendered 
shall be roughened by approved means to form a key. Faces of concrete that are to 
have finishes other than those specified shall be prepared in an approved manner 
as instructed. 

Precast Piles. — Shoes for precast piles shall have cast-iron points and wrought- 
iron or mild steel straps and shall be of the pattern and weight described. Forks 
for retaining the longitudinal reinforcement in position shall be of cast iron, pressed 
steel, or other approved material and of approved shape. 

Shoes, reinforcement, forks, links, toggle-hole tubes, and other fittings shall be 
fixed accurately in the position described on the working drawings or elsewhere. 
Shoes shall be fitted with the point in line with the axis of the pile. One end of 
the longitudinal bars shall bear on the top of the shoe and the upper ends of such 
bars shall all be at the same level. 

The moulds shall be so made that the pile is not distorted during casting or at 
any other stage of manufacture. The piles shall be protected from damage from 
any cause during handling, and shall be slung only from the points described on the 
working drawings or elsewhere. 

The period that shall elapse between making and driving a pile, or between 
placing the concrete in a pile lengthened insitu and recommencing driving, shall 
be not less than six weeks if ordinary Portland cement is used and not less than two 
weeks if rapid-hardening Portland cement is used. 

The weight, type, and the height of fall of the driving hammer to be used, and 
the final set or depth to which each pile shall be driven, shall be as described on the 
drawings or as instructed. Driving shall proceed without cessation until the pile is 
driven to the set or depth described. If cessation of driving is unavoidable, or when 
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the driving of a pile lengthened insitu is recommenced, the amount of driving that 
shall be done before the set is measured shall be as instructed. 

During driving, the head of the pile shall be protected by approved means. 
Piles shall be driven in the sequence described on the working drawings or elsewhere. 
Sheet piles shall be driven together and shall be keyed together as described on the 
drawings and elsewhere. 

If a pile is driven in an incorrect position, or if a pile intended to be vertical is 
driven out of plumb, or if an inclined pile is not driven to the correct angle, the 
Contractor shall take at his own cost such remedial measures as instructed. 

Where piles bond with pile-caps or other reinforced concrete work, or if the driven 
pile be of excessive length, or if a driven pile is to be increased in length, the concrete 
shall be cut away for a distance below the head of the pile as instructed. The cutting 
away shall be in an approved manner without damage to the rest of the pile left 
insitu. Unless instructed to the contrary, the main reinforcement shall not be cut, 
but shall be embedded into concrete subsequently placed, any bending being done 
without damage to the concrete in the pile. 

Precast Concrete. — The concrete in one precast piece shall be placed in one 
operation. No piece shall be removed from the mould or erected until sufficiently 
matured to ensure that no damage shall be done to the piece. A piece shall be 
suspended or supported only at the points described on the working drawings or 
elsewhere. A piece that is cracked or otherwise damaged during, before, or after 
erection shall be removed from the Works and replaced by the Contractor free of 
charge. Pieces shall be bedded or otherwise fixed in their permanent positions as 
instructed. 

Structure Tests. — The Engineer shall instruct the Contractor to make a loading 
test on the Works or any part thereof if in the Engineer's opinion such a test is 
necessary. 

If the test be instructed to be made solely or in part for the reason that the site- 
made concrete cubes fail to attain the specified strength, the test shall be made at the 
Contractor's own cost. If the test be instructed to be made because of one or more 
circumstances attributable to alleged negligence on the part of the Contractor, the 
Contractor shall be reimbursed for the cost of the test if the result thereof is satis- 
factory. If the test be instructed to be made for any reason other than the foregoing, 
the Contractor shall make the test and shall be reimbursed for all costs relating thereto 
irrespective of the result of the test. 

For the purpose of testing floors, roofs, and similar structures and their supports, 
the test load shall be equivalent to one-and-a-quarter times the live load for which 
the Works or part thereof to be tested has been designed. The test load shall not 
be applied within twenty-eight days of the completion of placing of the concrete in 
the part of the Works to be tested, and the latter shall be unsupported during the 
test by the shuttering or other non-permanent support. The test shall be made as 
instructed. 

For a test on a floor, roof, or similar construction, the result shall be deemed 
to be satisfactory if upon removal of the load the residual deflection does not exceed 
one-quarter of the maximum deflection after maintaining the load in position for 
twenty-four hours. If the residual deflection exceeds this amount, the test shall be 
repeated, and the result shall be deemed to be satisfactory if the residual deflection 
after removal of the load for the second time does not exceed one-quarter of the 
maximum deflection occurring during the second test. 

If the result of the test is not satisfactory, the Engineer shall instruct that the 
part of the Works concerned shall be taken down or cut out and reconstructed to 
comply with this Specification, or that other measures shall be taken to make the Works 
secure. If in accordance with this Specification the Contractor is liable to conduct 
the test at his own cost, he shall also at his own cost take down or cut out and 
reconstruct the defective work or shall execute remedial measures as instructed. 
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Quantities. 

The bills of quantities for a reinforced concrete structure can be divided into 
six principal divisions (each of which is subdivided into items), such as: Excavation 
and filling; Plain concrete in foundations and elsewhere; Reinforced concrete; Shut- 
tering; Reinforcement; and Sundries (including asphalt, fixing machinery and pipes, 
glazing, plumbing, waterproofing, refractory linings, joinery, and other works). The 
method of measurement and the bills of quantities should be in accordance with a 
standard method in order to avoid ambiguities. If the contract is for a building 
under the direction of an architect, the “ Standard Method of Measurement of Building 
Works ” should be used. For a civil engineering contract, the “ Standard Method 
of Measurement of Civil Engineering Quantities ” issued by the Institution of Civil 
Engineers should be used. For small reinforced concrete structures, a short bill of 
quantities, similar to that given later, may be sufficient. 

Measurement of Quantities. — The amount of plain and reinforced concrete, 
shuttering, piling, earthwork, and similar work can generally be measured from 
the general drawings. 

For the measurement of the quantities from the drawings, a system should be 
followed to ensure accuracy and facilitate checking. The following is recommended 
for measuring the quantities of concrete and shuttering. In the first column of 
measurement is entered the number of identical concrete members being measured. 
In the second column the dimensions of the member in the order of length, breadth 
and depth are entered. In the third column the volume of concrete represented by 
the product of the three preceding dimensions multiplied by the number of members 
is given. The dimensions of the surfaces requiring shuttering are entered opposite 
the corresponding item for the concrete. The example given later demonstrates the 
method. The members are measured in order downwards from the top. The quan- 
tities for similar members are then abstracted and added to similar items for other 
parts of the structure before transferring them to the bill of quantities. 

Reinforcement.— The total weight can be roughly estimated from the type of 
structure and volume of concrete. The amount of steel in an ordinary reinforced 
concrete structure varies from i ton in 5 cu. yd. of concrete to 1 ton in 30 cu. yd. The 
following are approximate ratios of cubic yards of concrete to a ton of reinforcement. 
Warehouses, girder bridges, rectangular tanks, water towers, silos, circular bunkers, 
pits, and pit-head gears: 10 to 15; factories, residential buildings, retaining walls, 
culverts, swimming baths, and open circular tanks: 15 to 20; arch bridges, rectangular 
bunkers, pyramidal tanks in the ground, and elevated conical tanks: 8 to 10. Excep- 
tional loads and other circumstances may affect the ratios considerably. 

If the working drawings or typical details are available, but no bar-bending 
schedules, a more accurate estimate can be made from consideration of the principal 
reinforcement. The principal reinforcement is that near the lower edge at midspan 
in a beam or slab, and the main vertical bars in a column. The area A sq. in. of the 
principal reinforcement can be computed from Table 59 or 60 and the approximate 
average weight (W lb. per foot of beam or column, or per square foot of slab) can be 
calculated from W « KA, where if has the following values: freely-supported beams, 
3 to 6; continuous beams, 6 to 8$; cantilevers, 4 to 6; columns, 5 to 6; continuous 
slabs spanning in one direction, 5 to 8J; continuous slabs spanning in two directions, 
to 7 i> For slabs and beams the smaller values apply in cases where there is no 
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compression reinforcement or no special reinforcement to resist shearing force \ 
the larger values apply where there are equal amounts of compression and tension 
reinforcement or where a large amount of reinforcement is provided to resist shearing. 
The smaller values for columns apply to those with independent lateral ties, and the 
larger for columns with helical binding or where loose splice bars are provided. For 
slabs spanning in two directions, A is the sum of the areas of the reinforcement in 
each direction. 

The unit weight multiplied by the length (ft.) of a beam or column or by the area 
(sq. ft.) of a slab, gives the approximate total weight (lb.) of reinforcement. For 
members such as important beams and arch ribs, an approximate list of the bars 
should be made and the total length of the bars of each size multiplied by the weight 
per foot (Table 59). The weight of reinforcement in walls or other slabs with uniform 
reinforcement throughout can be found by multiplying the area (sq. yd.) of the wall 
or slab by the weight per square yard and adding an amount for laps. If bar-bending 



schedules are available, the weight of reinforcement can be calculated exactly from 
Table 59. To demonstrate the methods, the weight of reinforcement in the beam 
shown in the accompanying diagram will be calculated. 

The approximate weight is estimated by considering the principal reinforcement, 
which is four J-in. diameter bars (A =>2*41 sq. in.). Since there is no compression 
reinforcement at midspan and inclined bars are provided for resistance to shearing 
force, a suitable value for K is 6. The average weight of reinforcement per foot of 
beam is therefore 6 x 2*41 * 14 lb. per foot. The length of the span is 18 ft., and 
therefore the estimated total weight of reinforcement in one beam is 18 x 14 = 252 lb. ; 
say, 2 i cwt. 

A bar-bending schedule giving particulars of each bar is given on the diagram. 
The total length of bars of each size is calculated and is multiplied by the weight 
per foot. The system of calculating the weights as given on the diagram avoids 
confusion and facilitates checking. 

The quantities of reinforcement bars are given by weight. Round bars f in. 
diameter and over are generally given in one item, but the weights of each size of bar 
less than f in. are given separately. The weights of bent bars need not generally be 
separated from straight bars unless there is a predominating weight of the latter. 
Some indication of the length of bars and type of structure should be given, and of 
the basis of measurement, for example whether tying wire, the rolling margin, or the 
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like are included in the weight or must be allowed for in the price. Bars over 40 ft. 
in length and less than 5 ft. should be separately measured. A comprehensive clause 
describing the reinforcement and enabling a contractor to give a keen price is as follows: 

Supply, handle, cut, bend, crank, and fix mild steel bars J-in. diameter 
and over, but not exceeding 1 J in. in diameter, in main reinforcement 
in beams and columns to all floors and roofs and in foundations, in 
lengths not less than 5 ft. and not exceeding 40 ft. The price shall 
include for tying wire. No allowance in the weight paid for shall 
be made for the rolling margin. The weight of any bar shall be 
computed from the length given on the drawings or bar-bending 
schedules, the weight in pounds per foot of bar being calculated as 
2*67 times the square of the specified diameter of the bar . . x cwt. 

Similar items should be given for smaller bars and for longer and shorter bars. 
When the supply of the reinforcement, or the fixing or bending, or both, is a sub- 
contract, it should be stated who does the cutting and hoisting and supplies the 
tying wire. 

The " Building Works ” method of measuring reinforcement requires bars over 
30 ft. long to be given in separate items for each 5 ft. advance in length. Separate 
items must be given for bent and straight bars, stirrups, helical binding, and bars 
bent to a large radius. Reinforcement for floors, roofs, walls, beams, and columns 
must be separate. Bars of each size less than $ in. and more than 1 in. must be 
given separately. 

Estimating Costs. 

In a contracting firm the data and methods for making an estimate of the cost 
of a reinforced concrete structure are generally available. Otherwise an approximate 
estimate can be made by pricing each item in the bill of quantities at the average 
prevailing rates for similar construction. Unless local rates are known, however, 
this may give misleading results. If a recent priced bill of quantities for previous 
work in the locality is not at hand, the prices given in technical periodicals might 
be used to obtain an approximate estimate. A better method is to calculate the 
probable prices, basing the computation on the cost of labour, materials, and general 
costs. The wages payable to different classes of workers are given in technical 
periodicals, and the man-hours required to perform a given piece of work are given 
in text-books on this subject. The trend of the general productivity of labour should, 
however, be considered when using published data. The cost of labour can vary 
considerably. The costs of materials can be obtained from current prices, and the 
amount of each material required can be determined from the bills of quantities. 
In Table 56 are given the quantities of stone, sand, and cement required for a cubic 
yard of concrete. To the net quantities of aggregate must be added 10 per cent, 
for tolerances on measurement and for waste, and 5 P er cent, to the net quantities 
of cement for waste and for making grout. If the price does not include delivery, 
the cost of transport must be added. The general costs, which include overhead 
charges, profit, and site staff, depend principally upon the contract time and the 
plant likely to be used. For an approximate estimate for an ordinary reinforced 
concrete structure, allowance for the general costs can be made by increasing the 
net cost of materials by, say, 15 per cent, and of labour by, say, 50 per cent. For 
small structures and for very large works this method is not dependable, and such 
work should be estimated on a more precise basis. 
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SPECIFICATIONS AND QUANTITIES 


m 


Example of Measuring Quantities. 

In the following the quantities are measured for one 2 o-ft. -square panel of the 
floor of beam-and-slab construction shown on page 136, the columns being excluded. 



Concrete. 


Shuttering. 


Slab. 

20 / O' 


20' 0' 



20 ' O' 

4 ' 

133-3 

20' 0' 

400 

Secondary Beams. 

2/19' 0' 
i' 4' 

8' 

33*9 

2/2/19' 0' 
1' 4' 

IOI 


18' 9' 

8' 
i' 4' 

167 

2/18' 9' 
I' 4' 

50 

Main Beams. 

18' 9' 
i' 0' 
i' 6 ' 

28-1 

2/18' 9* 

1' 6' 

56 


2/i/ 2' 3' 


2/2/i/ 2' 3' 

1' 0' 


6' 2 

9 * 

17 


Total 

2137 cu. ft. 

609 


say = 8*o cu. yard, 
i-in. granolithic: 20' o " 

20' o' 400 


Deduct 1' 3' 

i' 3' 2 


Deduct 1' 3' 

i' 3* 2 

Total 607 sq. ft. 

say =■ 68 sq. yd. 


398 sq. ft. = 45 sq. yd. 

Reinforcement (see bending schedule on page 136). 


Diameter 

Jin. 

6 s in. 

i in. 

i in. 

1 in. 

i£ in. 

Slab (20 ft. sq.) 

630 


735 





756 




Secondary beams 



408 

108 

150 


(3 No.) 




8 

86 






98 


Main beam: 


109 

150 

20 


4i 

(1 No.) 


9 




57 


11 




69 



12 




36 







30 

Total length 

603 

141 

2049 

136 

316 

233 ft- 

Weight per ft.: 

0-167 

0-261 

0-376 

o-668 

2-67 

4-173 lb. 

Total weight (net) 

105 

37_ 

77? 

9i 

865 

971 lb. 
* 

Gross weight 

1 


~ 7 i 

1 

16$ ^wt. 


(See Table 59) 


The foregoing quantities are abstracted and the totals transferred to the bill 
(see page 138). Price rates can be taken from published data. The basis of the 
method is unaltered by any fluctuations in the prices. 
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BILL OF QUANTITIES. 


Beam-and-Slab Construction. 

Item No. 

Description. 

Quantities. Rate. Total. 

£ s. d. 

i. 

Mixing and placing 1:2:4 con- 
crete in slabs and beams 



(rough screeding only). 

cu. yd. 8 

2. 

Close-boarded * shuttering to 
soffits of slabs, and sides and 



soffits of beams and haunches. 

sq. yd. 68 

3- 

Provide and lay i-in. granolithic 


surfacing. 

sq. yd. 45 

4- 

Supply, cut if necessary, bend, 
and fix reinforcement bars 
f in. diameter and over. 



including tying wire. 

cwt. i6£ 

5- 

Ditto £ in. diameter. 

cwt. 1 

6. 

Ditto | in. and ft in. diameter. 

cwt. 7J 

7- 

Ditto £ in. diameter. 

cwt. 1 


Total estimated cost for one panel 20 ft. square . 
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DEAD LOADS. 


Weight of Concrete. — The primary dead load is usually the weight of the reinforced 
concrete, which for design purposes can be conveniently assumed to be 144 lb. per cu. ft., 
that is 1 lb. per lin. ft. for each square inch of cross-sectional area; but the weight of reinforced 
concrete is rarely less than 150 lb. per cu. ft. and varies with the density of the aggregate 
and the amount of reinforcement. Some typical weights of plain and reinforced concrete 
are given in Table 1, together with the weights of solid concrete slabs and hollow clay-block 
slabs. For members where the dead load predominates, a weight of not less than 150 lb. 
per cu. ft. should be assumed for ordinary reinforced concrete, this being the minimum weight 
recommended in the B.S. Code, London By-laws, and by other authorities. The weights of 
various lightweight concretes are also given in Table 1. Heavy concrete for use as kentledge 
and nuclear-radiation shielding is made by using aggregates of greater density than ordinary 
stone, such as barytes, limonite, magnetite, and other iron ores and steel shot or punchings; 
the weights of such concretes are also given in Table x. 

Other Structural Materials and Finishes. — Dead loads include such permanent 
weights as those of the finishes and linings on walls, floors, stairs, ceilings, and roofs; asphalt 
and other applied waterproofing layers ; partitions ; doors, windows, roof lights, and pavement 
lights; superstructure of steelwork, masonry, brickwork, or timber; concrete bases for 
machinery and tanks; fillings of earth, sand, puddled clay, plain concrete, hardcore; cork 
and other insulating materials; rail-tracks and ballasting; refractory linings; and road surfac- 
ing. In Table 1 are given the basic weights of structural materials. In Table 2 are given 
the weights of glazed, sheeted, and slated roofs, and the average equivalent weights of steel 
trusses, such weights being useful in estimating the loads imposed on a concrete substructure. 
Rules for estimating the total weight of structural steelwork based on adding to the sum of 
the nominal weights of the members an allowance for cleats, connections, rivets, bolts and 
the like are given in Table 2 ; extra allowances should be made for stanchion caps, bases, and 
grillages. The smaller allowances permissible for welded steelwork are also given. 

Where concrete lintels support brick walls it is not necessary to consider the lintel as 
carrying the whole of the wall above it ; it is sufficient to allow only for the triangular areas 
indicated in the diagrams in Table 2. 

Partitions. — The weights of partitions should be included in the dead loads of floors 
and it is convenient to consider such weights as equivalent uniformly-distributed loads w e . 
It is usual to consider a minimum load of 20 lb. per sq. ft. of floor area for partitions in offices 
and buildings of similar use, but this load is only sufficient for timber or glazed partitions. 
The material of which the partition is constructed and the story-height will determine the 
weight of the partition, and in the design of floors the actual weight and position of a parti- 
tion, when known, should be allowed for when calculating shearing forces and bending moments 
on the slab and beams. Expressions are given in Table 2 for the equivalent uniformly- 
distributed load if the partition is at right-angles to the direction of the span of the slab and 
is placed at the middle of the span, or if the partition is parallel to the direction of the span. 
According to the B.S. Code, the equivalent uniformly-distributed load per sq. ft. of floor for 
partitions, the positions of which are not known, should be not less than 10 per cent, of the 
specified minimum imposed load (see Table 3), and in no case less than 20 lb. per sq. ft. for 
office floors. 

In the case of brick or similarly-bonded partitions some relief of loading on the slab 
occurs due to arching action of the partition if it is continuous over two or more beams, but 
the presence of doorways or other openings destroys this relieving action. 

The uniformly-distributed load on a beam due to partitions can be considered as the pro- 
portion of the total weight of the partitions carried by the beam adjusted to allow for non- 
uniform incidence. 
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DEAD LOADS AND WEIGHTS OF MATERIALS.— TABLE L 


C0NC * ETE CUBIC FOOT 

PLAIN CONCRETE ( i: <# OR ! **4) AVEP.AOE 1 44 

GRAVEL ORCRUSHED STONE AGGREGATE 140 To I 55 

BROKEN BRICK AGGREGATE (AV.I20) 105 to 135 

CRUSHED LIMESTONE AGGREGATE 135 TO 150 

REINFORCED CONCRETE Minimum 144 

FOR GENERAL DESIGN PURPOSES (6. 5. CODS) 150 
WITH 1% REINFORCEMENT 144 To 154 

" 2% * (AVERAGE ISO) 146 ID 158 

« 5 % '« 1G0 to 170 


• 5 % 

LIGHTWEIGHT CONCRETE 


CLINKER ’( I :8 ) 300 to900 Q>5 to 35 I 

PUMICE (I*. 6 SEMI- DRY) 200 1O550 4S T070 | 

FOAMED BLASTFURNACE SLAG 200 GO 

800 95 ! 

STRUCTURAL 2000 to 5000 105 TO 130 J 

EXPANDED CLAY OR SHALE 6 00 to 1 200 GO to 75 

STRUCTURAL 2000 TO 5000 8510115 | 
VERM1CULITE (EXPANDED MICA) 70 25 j 

50 0 70 

PULVERI5ED- FUEL ASH (FLYASH) 400 TO IOOO 70 To SO ! 

STRUCTURAL 2000 ToSoco 85 toIIO 

NO- FINES GRAVEL AGGREGATE I00to|20 

CLINKER * 55 to 90 

CEILULAR(€RATED0RGAS') 200 25 

1500 eo 

1500 to 2250 I OO 
a YT0N6' AND SIMILAR 25 TO40 

AIR- ENTRAINED CONCRETE- FOR DESIGN USE SAME WEIGHTS 
AS PLAIN OR REINFORCED CONCRETE 
HEAVY CONCRETE* 

BARYTES ZOO 

umonite, magnetite, and similar ores av. 224 

STEEL SHAVINGS OR FUNCHINGS AV 330 


strength 
LB./SQ.IN, 
300 toBOO 
200 1O550 
200 
800 


REINFORCED CONCRETE SLABS 
TOTAL THICKNESS 3 IN 


STRUCTURAL 

EXPANDED CLAY OR SHALE 
STRUCTURAL 
VERMICULITE(EXRANDED MICA) 

PULVERI5ED- FUEL ASH (FLYASH) 

STRUCTURAL 2 
NO- FINES GRAVEL AGGREGATE 
CLINKER * 

CELLULAR (4ERATED 0RGA5) 


SLABS 

LB, PER SQUARE FOOT 
SOLID HOLLOW 

3 IN 

38 

CLAY TILE . 
CONSTRUCTION 

4 - 

50 

WITH HN, TOPPING 

4te u 

57 

(AV.) 

5 « 

<53 

42 

0 " 

75 

45 

7h" 

34 

51 

8 « 

113 

57 

!0&« 

132 

OZ 

12 « 

150 

70 


CLINKER BLOCK PARTITIONS (3 IN. THICK) 25 
CONCRETE TILES. PLAINS !5; INTERLOCKING 8 
GRANOLTHIC CONCRETE (I IN. THICK) 12 

TERRAIZO (t IN. THICK) 12 

WOOO-WOOL(MN. THICK) 2 To G 

CEMeNT-MORTAR SCREED (l IN. THICK) IO TO 12^2 

PLASTER UME 9 7 HARD PLASTER 10 
LATH AND PLASTER 6 

TERRACOTTA (1 IN THICK) 10 

SOIL- CEMENT (PER INCH THICK) iOO 


OTHER MATERIALS CU 8^0 FOOT I 
NATURAL STONE (SOUP) 

O RAN IT E , BASALTS, DOLE RITE 5 l«5 

LIMESTONE, SANDSTONE, VORKS TONE 140 
SLATE 180 

CRUSHED STONE 80 w 1 40 

gravel^allast.etc^loose) 100 
HARDCORE AVERAGE 120 

SAND (dry to wet) 80*120 
PACKED STONE RUBBLE 140 

BROKEN BRICK 70 *100 

ASH FILLING GO TO 80 

EARTH FI LUNG (COMPACTED) 100 
PUDDLED CLAY 100toI20 

CRUSHED SLAG 80 

TIMBER AVERAGE 50 

YELLOW PINE SO 

RED PINE, SPRUCE 30 TO 45 

ENGLISH OAK 45 TOGO 

LARCH, ELM 35 

PITCH PINE 40 TO 45 

TEAK 40 to 55 

JAKRAH 60 

GREENHEART G5 to 75 

QUEBRACHO 80 

CORK (SOLID; NOT GRANULAR) |5 
WATER (SEAWATER G4) FRESH G2*4 

SNOW (COMPACT 15 7b5o) LOOSE 5 TO 12 

METALS (PER INCH THICK) SQUARE R§)T 

STEEL (ROLLED OR CAST) 40 £4 

SHEET LEAD OO 

COPPER,BRAS5,BRONZEGUNMETAL 45 TO47 
CAST OR WROUGHT IRON 38 H>40 

TIN, SPELTER, ZINC 37TO36 

aluminium 14 

BITUMEN (PER INCH THICK) 7ft 

M ACAD AM (pf R 1 NCH TH JCK) WATERBOUN0 13/2 
TAR- MACAO AM ( « ) I 2 

DOORS (WOODEN) AVERAGE 8 

GLASS(PERINCHTHICK) 1 4 

WINDOWS (METALOR WOODEN FRAMES) 5 
BRICKWORK (PER INCH THICK) 

ENGINEERING, IN P.C.MORTAR |2 
COMMON (IN LIME 5) IN P, C, 10 
REFRACTORY 6 

HOLLOW- BLOCK PRRTITION5(2 in.TO 4 IN) 9 TO 15 
EARTHENWARE TILE5 14 , 

SLATES 8 | 

ASPHALT (1 IN. THICK) 1 2 

FIBRE- BOARD , PLASTER BOARD(Jfc IN.TH!0§ % \ 
HARD BOARD (Yl IN. THICK) 1 ft 

TIMBER BOARDING (MM. THICK) 3 
RUBBER P'AvYINGANDSIMILAR(IIH) 5 
GRANITE SETTS (PER INCH THICK) 14 
I WOOD- BLOCK PAVING, (PER INCH THICK) $ 
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LOADS. 

Examples of the Use of Tables 1, 2 and 3. 

Determine the design loads for the following cases. 

(a) A 4^-in. flat roof slab, with an average of i J in. of screeding and £ in. of asphalt. 
(Note: Effect of wind on a flat roof is suction.) 

Imposed load (Table 3) = 30 lb. per sq. ft. 

$-in. asphalt, 0*5 x 12 (Table 1) = 6 ,, „ 

i^-in. screeding, 1-5 x 10 (Table 1) = 15 ,, ,, 

4i~in. slab (Table 1) = 57 ,, ,, 


Total load = 108 


(6) A 4^-in. floor slab spanning 7 ft. and surfaced with i-in. boards in residential flats. 
Since the span is less than 8 ft., the minimum total imposed load will control if the design 
is to be in accordance with the London By-laws (Class No. 2) or the B.S. Code (Class No. 40) ; 
(see Table 3). 


Hence the imposed load is 320 lb. 7 ft. = 46 lb. per sq. 

4^-in. slab (Table 1) = 57 ,, 

1 -in. boards (Table 1) = 3 „ 

Allow for bearers =1 ,, 

$-in. plaster on soffit (Table 1) say = 5 ,, 


ft. 


112 ,, ,, 

(c) A 3-in. hollow-block partition 9 ft. high plastered on both faces and supported on 
a continuous floor slab spanning 10 ft., the partition being placed at midspan and at right- 
angles to the direction of the span: 

Weight of partition, 25 lb. (Table 1) X 9 ft. = 225 lb. per lin. ft. = w P . 

Equivalent distributed load (Table 2), w e = i*5 X = 34 lb. per sq. ft. 
(Minimum, according to the B.S. Code: w e = o-i w P = 0*1 X 225 = 23 lb. per sq. ft.) 

(d) A secondary beam in an office ground floor; 5-in. slab surfaced with f-in. granolithic 
and i-in. plaster on underside. Beams 12 in. net depth by 6 in. wide; span 20 ft.; at 10-ft. 
centres. 

Imposed load on 10 ft. width of slab, 10 ft. x 60 lb. (Table 3) = 600 lb. per lin. ft. 
of beam. 

(Check total imposed load = 600 x 20 = 12,000 lb., which exceeds the minimum 
of 3840 lb. — see Table 3.) 

Dead load: 5-in. slab (Table 1) = 63 lb. per sq. ft. of slab 

Partitions (minimum per Table 2) = 20 ,, ,, ,, 

f-in. granolithic (Table 1) —9 >, ,, ,, 

|-in. plaster (Table 1) = 5 >> ,, ,, 


Total — 97 

Dead load on beam from slab, 10 ft. x 97 lb. = 970 lb. per lin. ft. 
Beam rib, 12 x 6 x 150 144 (Table 1) — 75 ,, ,, 

Plaster (hard) on sides of rib, 

2 x 1 ft. x } x 10 ( Table 1) = 10 ,, ,, 


1055 

Total dead plus live load = 600 + 1055 

= 1655 lb. per lin. ft. of beam. 

(e) A 9-in. by 9-in. lintel spanning a clear opening of 7 ft. and supporting a 9-in. brick 
wall (cement mortar); height of wall exceeds 6 ft. 

Height of 60 deg. triangle on 7-ft. base, £ x 7 V3 (Table 2) = 6*o6 ft. 

Weight of wall at 10 lb. per in. thick. (Table 1) = 90 lb. per sq. ft. 

Weight supported by lintel, £ x 6-o6 x 7 x 90 — 1910 lb. 

Weight of lintel, 9 x 9 X 7 x 150 -i- 144 « 590 ,, 
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MISCELLANEOUS STRUCTURAL STEELWORK ^°WA S LLr D LINTELS PARTITIONS 


MISCELLANEOUS DEAD LOADS. — TABLE 2. 


B.S. COPE, 

, IF POSITION OF PARTITION IS NOT KNOWN * 

ADDITIONAL DEAD LOAD PER SO,. FT. OF FLOOR «£ 0 • I (WT. PER L1N.PT. OF PARTITION) 

4- 20 LB./SQ.FT. FOR OFFICE5* 

IF POSITION OF PARTITION IS KNOWN! DESION FLOOR TO SUPPORT ACTUAL WEIGHT OF PARTITION, 
EQUIVILENT UNIFORMLY - DISTRIBUTED DEAD LOAD LJ e LB. PER SQ.FT. 


WEIGHT OF PARTITION ' 


, LB. PER UN. FT. 


PARTITION AT RIGHT- ANGLES TO SPAN OF SLAB. 
SLAB FREELY SUPPORTED: * 

SLAB CONTINUOUS OVER BOTH SUPPORTS! ufg * 

PARTITION PARALLEL TO SPAN OF SLAB. 

■ dp + 2 (THICKNESS OF SLAB) 

e» fy + O-Gt 4 J+3FT. ui e a 


LOAD ON LINTELS SUPPORTING 
BRICK(aND SIMILARLY BONDED) WALLS. 

SHADING DENOTES 
EXTENT OF WALL 
CONSIDERED TO BE * 

SUPPORTED BY LINTEL 


L l , 

.SPAN OF SLAB 



dp. THICKNESS 
OF PARTITION 




. . L8. PER SQUARE FpOT 

CORRUGATED SHEETING (WITH 0OLT5, ETC) GALVANISED IRON OR ASBESTOS-CEMENT 3 TO 3 '/Z 

LIGHT STEEL- FRAMED WALLS WITH 4^BRlCK PANELS, WINDOWS. ETC. AVERAGE 50 
ROOF GLAl’lNG (ASTRAGALS. GLASS, ETC.), STEEL PURUNS AND CONNECTIONS 8 

SLOPING ROOFS . (FOR WEIGHTS OF TRUSSES - SEE BELOV/) LB./SQ.FT. OF PLAN AREA 

SLATES OR TILE 5, BATTENS, STEE L PURLINS, ETC. 12 TO 10 

DITTO DITTO WITH BOARDING, FELT, ETC. 15 TO 20 

CORRUGATED SHEETING (GAL. IRON OR ASBESTOS-CEMENT), STEEL PURLINS, ETC. 7 TO B 
ASBESTOS-CEMENT SHEET1NG,STEEL PURLINS f/T RUSSES, WIND AND LIVE LOAD AVERAGE 30 


R1VETTED STEELWORK -NOMINAL WEIGHT OF STEEL MEMBERS PLUS 10 % FOR CLEATS, RIVETS, BOLTS, ETC. 
WELDED STEELWORK^ DITTO PLUS l'/Z°/o ro5% 

ROLLEO SECTIONS: BEAMS- DITTO PLUS 2^2% 

STANCHIONS* DITTO PLUS 5 % (EXTRA FOR CAPS if BASES) 

PLATE- WEB GIRDERS = DITTO PLUS 10% FOR RIVETS, STIFFENERS, ETC. 

CONVEYOR G ANTRI E S (STEEL FRAM l NG JCORRUG ATED SHEETINQJVSOODEN FLOOR) 5T0& CWT5 . /LIN. FT. 


STEEL WALL FRAMING TO TAKE" SHEETING OR BRICK PANELS 
STEEL STAIRS (3 FT. INDUSTRIAL TYPE) 


5 TO 7 LB./SQ.FT. OF WALL, 
56 LB. PER LINEAR FOOT. 


SPAN OF TRUSS (FT.) 

25 

30 

40 

so 

60 

80 

SPACING OF TRUSSES 

APPROXIMATE WEIGHT 

Ift DCO CAI lAtt C CAAT 

2 

2'4 

2 j / 4 

3 

4^ 

5 

IO FT. 

LD. rEr\ ouUANt FOOT 

OF PLAN AREA 


I5fe 

ih 

2'4 

3 

3Vfc 

15 FT. 


SMALL ROOF TRUSSES, PURU NS , ETC, (EXCLUDING COVERING) G*/2 LB. /SQ. FT. OF PLAN AREA 


RAIL TRACKS (STANDARD GAUGE): RAILS , SLEEPERS, 8ALLA5T, ETC. AVERAGE* 2 CWT. PER $Q. FT. 
RAILS (BULL-HEAO OR FLAT- BOTTOM ) , CHAIRS/ TRANSVERSE SLE£PER5,ETC.* I $0 LB /LIN. FT. OF TRACK 
BRIDGE RAILS, LONGITUDINAL SLEEPERS, CONNECTIONS, ETC. *110 - - « • ■ 

STEEL- TUBES 2IN. BORE ® 2^2 LB. PER LIN. FT. ^.IN.GASPIPE * \'/4 * • “ 

BELT CONVEYORS FOR CEMENT, GRAIN, COAL, CRUSHED STONE, ETC. * CWTS./UN.FT. 

SCREENING PLANT (SHAKER TYPE FOR COAL) INCLUDING SUPPORTING STEELWORK* \'k CWTS./5GLFT. 
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LOADS. 

Classification of Floors. — For assessing the imposed (or live) load on floors in buildings, 
the B.S. Code (No. 3; Chapter V) and the London By-laws classify the floors according to 
the use to which they are to be put; these classifications and the corresponding minimum 
imposed loads are given in Table 3. The imposed loads on garage floors are given in Table 5. 

Reduction of Imposed Loads on Multiple -story Buildings. — The scales of the 
reduction of imposed loads on the floors of multiple-story buildings for the design of the 
columns, walls, and foundations according to B.S. Code (Chapter V, 1952) and the London 
By-laws (1952) are given in Table 3. No reduction is to be made for factories and work- 
shops designed for 100 lb. per square foot or less, warehouses, garages, and buildings used for 
storage. For factories and warehouses designed for more than 100 lb. per sq. ft., the reductions 
given in Table 3 apply, but the total imposed load after reduction is to be not less than 100 lb. 
per sq. ft. per floor. 

Examples. — (a) Calculate the total load on a column supporting a flat roof and ten floors, 
including the ground floor, of an office building. The total dead weight of the roof is 60 lb. 
per sq. ft., and of each floor 120 lb. per sq. ft. including partitions. The story-height is 10 ft. 
and the average size of each column is 18 in. square. Each column supports a panel of floor 
and roof 20 ft. by 16 ft. 

Dead load: Roof = 60 lb. per sq. ft. 

Nine upper floors 9 x 120 lb. = 1080 ,, ,, 

Ground floor =120 ,, ,, 

Total dead load 

Imposed load: Roof 

Nine upper floors = 9 x o-6 x 50 lb 
Ground floor = o-6 x 60 lb. 

Total uniformly-distributed load = 1596 ,, ,, 

Load on column = 1596 x 20 x 16 = 510,720 lb. 

Weight of column = (18 X 18 x 150-7-144) 

X 10 x 10 ft. = 33.750 ., 

Total load per column (below ground floor) = 544,470 ,, 

(b) Assuming that the building in Example (a) is a factory, each floor of which is designed 
for 150 lb. per sq. ft., calculate the total load on one column. 

The normal reduced load for ten floors is o-6 x 10 x 150 lb., that is 900 lb. per sq. ft., 
which is less than the specified minimum load of 10 x 100 lb. = 1000 lb. per sq. ft.; the 
minimum load therefore applies. The total load is therefore 

Dead load (as before) = 1260 lb. per sq. ft. 


Imposed load: Roof 

= 30 

Floors 

— 1000 ,, 

Total uniformly-distributed load 

= 2290 ,, 

Load on column = 2290 x 20 x 

16 =■ 732,800 lb. 

Weight of column (as before) 

= 33.750 > . 


= 1260 
= 30 

= 270 
= 36 


Total load on column 


766,550 „ 



IMPOSED LOADS ON FLOORS, ROOFS AND STAIRS.— TABLE 3. 


CLASS |B.$. CODE CR3(Y) 1952 
N? 





MINIMUM 

TOTAL 

LOAD 


w^gsassBi 


B. 5. CODE I LON Cl BY- LAWS 
CLASS MO, I CLASSNO. 



TYPE USE OF FLOOR 

MOUSES:>-TWO STORIES (ONE OCCUPANT) 

OTHERS (INCLUDING FLATS) 

RESIDENTIAL HOSPITAL WARDS? DORMITORIES 4 0 2 

HOTELS: BEDROOMS', PRIVATE SITTING- ROOMS 40 2 

PUBLIC ROOMS 100 

OFFICES: ENTRANCE FLOOR AND BELOW GO 4 

OTHER FLOORS 50 5 

STORAGE AND FIL1N0 ROOMS IOO G 

COMMERCIAL BANKING HALLS GO 

RETAIL SHOPS 80 5 

BOOK AND STATIONERY STORES 2 OO S 

WAREHOUSES (DEPEN DING ON TYPE OF GOODS) IOO, 150,200 G, 7, 8 

WORKSHOPS AND FACTORIES (DEPENDING ON USE) 100,150,200 G, 7, 8 
WORKROOMS: WITH CENTRAL POWER-DRIVEN MACHINES 80 5 

INDUSTRIAL WITHOUT DITTO OR STORAGE 50 3 

POWER STATIONS B* MACHINERY HALLS: CIRCULATION SPACE 80 - 

SCHOOL CLASSROOM5 GO 4 

PLACES OF WITHOUT FIXED SEATING; DANCE HALLS IOO 

ASSEMBLY WITH FIXED SEATING; CHURCHES, ETC. 60 

RESTAURANTS 80 

PUBLIC PAVEMENTS OVER BASEMENTS | 200 — 

CORRIDORS. — SAME IMPOSED LOAD AS F LOOR OF WHICH THEY FORM PART. 
MISCELLANEOUS BAL c ON , ES _ S AME IMPOSED LOAD AS FLOOR TO WH ICH THEY GIVE ACCESS. 

'* MINIMUM TOTAL LOAD APPLIES IF PROJECTION OP 

CANTILEVERED BALCONY IS LESS THAN 8 FT. 


NOB.CHAPX 

( 1552 ) 

AND LONDON 
BY-LAW5(tB52) 

COMBINE WITH 
WINO PRESSURE 
TO GIVE MOST 


SLOPE (6 DEG) 

IMPOSED LOAD (LB PE R SQUARE FOOT OF HORIZONTAL AREA) 

FLAT 

MOT STEEPER THAM 
IO DEG. 

WITHOUT ACCESS 15 LB. . 

w.-ru c TO I A (MINIMUM TOTAL LOADS AS FOR) 

WITH ACCESS 30 LB. ^ CLASS No 1 OR 20 / 

NOT STEEPER THAN 

30 DEG 

STEEPER THAN 
30 DEG. 

WITHOUT ACCESS 15 LB. # 

NOTSTEEPERTHAN 75*; 25 ~ LB. STEEPERTHAN 75 C JNIL 

CURVED 

DIVIDE INTO FOUR EQUAL SEGMENTS.- IMPOSED AND WIND LOADS 
ARE THOSE APPLICABLE TO THE SLOPE OF THE CHORD OF EACH SEGMENT. 

NOT STEEPER 
THAN 45 DEG- 

ROOF COVERING ( EXCEPT GLASS) TO BE DESIGNED FOR A LOAD 

OF 200 LB. CONCENTRATED ON 5 IN- SQUARE 


STAIRS H CLASS 
AND I OF FLOOF 
landings! SERVED 


CLASS Mo- 30 

OF FLOOR No- 40, 5 0 OR GO 
SERVED OTHER CLASSES 

SEPARATE CANTlLiVERfcO STEP 


No. I 

No. 2, 3 or 4 
OTHER CLASSES 


30 LB /SQ FT MINtMi 


£0 ruh TOTAL LOAD 
DOES NOT 

IOO »• « «• APPLY 
“ 300 LB. ON UNSUPPORTED ENO 


I 



4 S OR MORE NOT APPLICABLE TO STORES, 

, , , WAREHOUSES, GARAGES. 

1 0-9 | O-a | °T 1 0-6 I WORKSHOPS ANO FACTORIES, 

WORKSHOPS AND FACTORIES DESIGNED FOR MORE THAN IOO LB/sq FT.- REDUCTION FACTORS AS ABOVE 
APPLY BUT I M POSED LOAD NOT TO BE REDUCED TO LESS THAN IOO LB/SQ.FT. 

BEAM SUPPORTING 500 SQ FT. OR MORE OF FLOOR. — IMPOSED LOAO MAY BE REDUCED BY 5% 
(MAX. REDUCTION 2Sfe)FOR EACH 500 SQ.FT. OF FLOOR SUPPORTED. 


See also Table 4 for loads on garage floors; Table 2 for loads due to partitions; and 
Tables 7 and 8 for wind pressure on roofs. 
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LIVE LOADS. 

Live loads on structures include the weights of stored solid materials and liquids (see 
Table 4) and the loads imposed by vehicles and moving equipment, the weights of which are 
given in Tables 5 and 6; notes on the latter tables are given in the following. 

Secondary Effects on Railway Bridges. — Weights and other particulars of typical 
rail vehicles are given in Table 6. To the static forces, such as wheel loads, the following 
secondary dynamic effects must be added. 

Impact on a bridge used by steam locomotives is more severe than on a bridge carrying 
electric or diesel-operated trains. The effect of impact on the structure is greatly reduced by 
the provision of ballast, and also depends on rail joints and irregularities in the track and the 
wheels. Formulae suitable for conditions comparable with main lines in Great Britain and 
elsewhere, and allowances for less-well-laid and maintained tracks, are given in B.S. No. 153 
(Part 3A). 

Lurching is allowed for on a bridge carrying a main line by assuming that five-eighths 
of the total axle load may be imposed on any one rail, the remaining three-eighths being 
carried on the other rail forming the track; these fractions apply to British conditions and 
can be assumed to be more nearly equal for trains running at low speeds, but more unequal 
for rolling stock with light springing. 

Nosing is allowed for by assuming that a single force of 10 tons acts horizontally at rail 
level in either direction at right-angles to the track, irrespective of the number of tracks. 

The centrifugal effect is considered as a force F c lb. per lin. ft. acting horizontally at 

wV* n 

6 ft. above the level of the rails, where F e — — — - . — in which w lb. per lin. ft. is the live load 

R 15 

on one track expressed as an equivalent uniformly-distributed load, V m.p.h. is the speed 
of the train, R ft. is the mean radius of the track, and n is the number of tracks. 

The longitudinal force due to braking and tractive effort is allowed for by introducing 
at rail level a longitudinal force equal to 10 per cent, of the net live load on one track or 
20 per cent, of the total of the net loads on the driving wheels, whichever is greater. For 
a bridge carrying more than one track the force is calculated assuming two tracks to be occu- 
pied, both forces acting in the same direction. 

Railway Sleepers. — The various tracks in Table 5 are classified as (i) main lines upon 
which a frequent service of trains with axle loads up to 23 tons and travelling at speeds 
exceeding 70 m.p.h. is maintained; (li) secondary lines upon which the weights and speeds 
are similar to those for main lines but on which the service is less frequent ; (iii) tertiary lines 
which include lines where speeds not exceeding 45 m.p.h. are reached by trains with axle 
loads not exceeding 20 tons, and upon which the frequency is less than two-thirds of that on 
main lines; (iv) refuge sidings, which include heavily- worked sidings, goods loops, and similar 
lines where the speed of trains does not exceed 30 m.p.h.; (v) sidings which include lightly- 
worked and storage sidings. 

Example of Loading on Deck of Railway Bridge. — To find the maximum total load 
on a 1 2-in. concrete slab supporting a single line of standard railway over which can pass 
at slow speeds any size of locomotive. 

Load from ballast, sleepers, chairs, rails, etc. ( Table 2) — 224 lb. per sq. ft. 

Concrete slab, 12 in. thick ( Table 1) =150 ,, ,, 


Total dead load = 374 

Dispersion of wheel loads (Table 6): 

D = say, 12-in. ballast + ioj-in. effective depth of slab = 1 ft. 10J in. 

A = 2 D + distance over two sleepers (minimum at joints = 3 ft.) — 3 ft. 9 in. 
+ 3 ft. — 6 ft. 9 in. (This dimension should not exceed the distance between the 
axles of the locomotive.) 

B — 2D -f- length of sleeper = 3 ft. 9 in. -f 9 ft. = 12 ft. 9 in. 

Axle load of 22$ tons (Table 6), 22 5 X 224° egg jb. per sq. ft. 

* ' ' 12*75 x 6*75 J ^ M 

For infrequent passage and slow speed of such a heavy axle load, allow 50 per cent. 

for impact and other dynamic effects. 

Total load, 374 -f (1*5 x 586) = 1253 lb. per sq. ft. 

(In main-line bridge construction, longitudinal rail-beams might be provided, thereby 
relieving the slab of loads from the rails and wheels.) 



WEIGHTS OF STORED MATERIALS. — TABLE 4. 
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LB. PER CU. FT. 
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ISO 

H 
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35 
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•J 
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z 
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28 
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LB. PER CU. FT. 


LB. PERCU.FT. 

LB. PERCU.FT. 

Q 

ALCOHOL 

53 
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56 
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IP § 
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56 
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G3 
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H « TOTAL DEPTH OF LIQUID (FT.) 




“3 

Of 

h m *THICKNE55 OF LAYER OF SUBMERGED LIQUID (FT,) 



aJ m * WEIGHT OF SOLID 

MATERIAL (» 

0ENS1TY IN LB. PER CU. FT.) 


z 

V a VOLUME OF VOIDS 

IN 1 CU. F T« 
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Ul 

1 — 
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< 

2 


P. ■ fu) 
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-h m ) 



o 

j 

o 

t/J 


VALUES OF 
[u> m (l-V)t<J2-4V] 
FOR MATERIALS 
SUBMERGED IN WATER 




VOIDS (« IPO V, 


40 

45 

mxm 

73 

121 

72 

116 

71 

til 


Other Materials. — Stone, timber, etc. , in solid (no voids) : see Table i. Granular materials 
such as sand, crushed stone and coal, gravel, etc., see Table n. Cohesive materials such as 
clay, earth, etc., see Table 12. 
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MOVING LOADS. 


Garage Floors: Example. — To find the equivalent uniformly-distributed imposed 
load at the support section of a beam 12 in. wide, spacing 10 ft., span 10 ft., fully continuous, 
in a garage floor; the maximum wheel load is tons. From Table 5 ,/— 0*95 and w — 330 lb. 
per ton. WithP — tons, the equivalent uniform load is 1*5 X 330 x 0*95 x 1*5 = 7051b. 
per lin. ft. ; compare with the normal imposed load of 150 lb. per sq. ft. = 10 x 150 = 1500 lb. 
per lin. ft. Hence the normal load controls; to the load of 1500 lb. per ft. must be added the 
dead load of the slab and beams. This combined load, say 2200 lb. per lin. ft., only affects 


the bending moment, which is about 


2200 x io a x 12 
12 


= 220,000 in.-lb. 


The greatest shearing force is 1*5 X i£ = 2-25 tons plus the shearing force due to the 
dead load, that is about 8540 lb. 

Overhead Travelling Cranes. — To allow for vibration, acceleration, and impact, the 
maximum static wheel loads, as given in Table 5, of electric overhead travelling cranes should 
be increased by 25 per cent. Braking or travelling under power produces in the rail-beam 
a horizontal thrust which is transferred to the supports. The traversing of the crane and 
load produces a horizontal thrust transversely to the rail-beam. Therefore the additional 
forces acting on the supporting structure when the crane is moving are (a) a horizontal force 
acting transversely to the rail and equal to 10 per cent, of the weight of the crane and the 
load lifted, it being assumed that the force is equally divided between the two rails; (b) a 
horizontal force acting along each rail and equal to 5 per cent, of the total weight of the crane, 
crane bridge, and the load lifted (when in the position nearest to the rail). The forces (a) 
and ( b ) are not considered to act simultaneously, but the effect of each must be combined 
with that of the increased maximum vertical wheel loads. The foregoing recommendations 


are in accordance with B.S. No. 449. 

For a crane operated by hand, the vertical wheel loads should be increased by 10 per 
cent.; for force (a), the proportion of the weight of crane and load can be 5 per cent. 

Loads on Colliery Pit-head Frames. — The loads to which a pit-head frame is sub- 
jected are as follows. (These notes do not apply to the direct vertical winding type of pit-head 
tower.) 

Dead Loads. — The dead loads include the weights of (i) the frame and any stairs, hous- 
ings, lifting beams, etc , attached to it; (li) winding pulleys, pulley-bearings, pedestals, etc.; 
(iii) guide and rubbing ropes plus 50 per cent, for vibration. 

Live Loads. — The live loads are the resultants of the tensions in the ropes passing over 
the pulleys and (unless described otherwise) are transmitted to the frame through the pulley 
bearings and may be due to the following conditions {a) Retarding of descending cage when 
near the bottom of the shaft, this force is the sum of the net weight of the cage, load, and 
rope, and should be doubled to allow for deceleration, shock and vibration, (b) Force due 
to overwinding the cage which is then dropped on to the over- wind platform ; this force acts 
only on the platform (and not at the pulley bearings) and is the sum of the net weights of 
the cage and attachments and the load in the cage, which sum should be doubled to allow 
for impact, (c) Force causing rope to break due to cage sticking in shaft or other causes; 
the force in the rope just before breaking is the tensile strength of the rope. ( d ) Tension 
in rope when winding up a loaded cage. 

Combined Loads. — For a frame carrying one pulley, the conditions to be designed for 
are the total dead load combined with either live load (a), (b), (c) or (d). Generally condi- 
tion ( c ) gives the most adverse effects, but it is permissible in this case to design for stresses, 
say, double the ordinary permissible working stresses because of the short duration of the 
maximum force; the procedure would be to design the frame for dead load plus half of force ( c ) 
and adopt the ordinary working stresses. If the frame carries two pulleys, the conditions 
to be investigated are : dead load plus (a) on one rope and (d) on the other (this is the ordinary 
working condition) ; dead load plus (a) on one rope and over- wind (b) on the other ; dead load 
plus (a) on one rope and breaking force (c) on other rope (this is generally the worst case; 
force ( c ) can be halved as explained for a single-pulley frame). 

The weights of the ropes, cages, etc., and the strength of the ropes would be obtained 
for any particular pit-head frame from the colliery authorities, and vary too greatly for 
typical values to be of any use. 

Structures Supporting Lifts. — The effect of acceleration must be considered in addi- 
tion to the static loads when calculating the load due to lifts and similar machinery. If 
a net static load of Wd is subject to an acceleration of a feet per second per second the load 
on the supporting structure is given approximately by Wm — Wd{ i + 0*03 a). The average 
acceleration of a passenger lift may be about 2 ft. per second per second, but the maximum 
acceleration will be considerably greater. An equivalent load of 1'2$Wd should be taken 
as the minimum to allow for dynamic effects. The load for which lift supports, pit-head 

{Continued on page 150.) 



LIVE LOADS. — TABLE 5, 
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MOVING LOADS (continued from page facing Table 5). 

frames, and similar structures are designed should be related to the load on the ropes. If 
the latter is Wm and the ropes have a factor of safety of ten, the design load on the supports 
should not be less than 2 \Wm to ensure that the structure is as strong as the ropes. 

Weights and Dimensions of Road Vehicles. — The data in Table 6 relating to heavy 
motor vehicles, trailers, public-service vehicles, and road locomotives are abstracted from 
“ The Motor Vehicles (Construction and Use) Regulations 1955 " (issued on behalf of the 
Ministry of Transport). As there are many varieties of vehicle only the maximum loads 
and dimensions permissible are. given. In general the Regulations apply to vehicles registered 
in or after 1955 ; vehicles registered before that date may have greater dimensions and weights. 
Supplementary data are as follows. (Street-cleaning and road-repair vehicles are excluded 
from Table 6.) 

Load imposed by the wheels of a vehicle on a strip of road 2 ft. wide and transverse to 
the longitudinal axis of the vehicle must not exceed 11 tons. 

Tractors. — Overall width must not exceed 7 ft. 6 in. and overhang must not exceed 6 ft. 

Motor cars.— Overall length must not exceed 30 ft.; overall width must not exceed 
7 ft. 6 in.; overhang must not exceed half the wheel-base. For vehicles not exceeding 20 ft. 
long, overhang may be 9 in. plus half the wheel-base and not more than of overall length. 
For rear-tipping lorries, overhang need not conform to the foregoing if not exceeding 3 ft. 9 in. 

Trailers. — Total weight of trailers drawn by one locomotive must not exceed 40 tons. 

Articulated vehicles. — Overall length must not exceed 35 ft. (except for a vehicle for 
an indivisible load). Laden weight of trailer must not exceed 20 tons if having not more 
than four wheels or 24 tons if more than four wheels. 

Standard Live Loads for Road Bridges. 

Ministry of Transport. — The uniformly-distributed load applicable to the “ loaded length " 
of a bridge or of a structural member forming part of a bridge is selected from Table 6. 

The “ loaded length ” is the length of member which should be considered to be carrying 
load in order to produce the greatest stresses. On a freely-supported span, the “ loaded 
length " would thus be (a) for bending moment: the entire span; (b) for shearing force at 
the support: the entire span; and (c) for shearing force at any intermediate section: from 
the section to the farther support. In arches and continuous spans the “ loaded length " 
can be taken from influence lines. 

The live load to be used is in two parts: (1) the uniformly-distributed load which varies 
with the loaded length; (2) an invariable knife-edge load of 2700 lb. per ft. of width applied 
at the section where it will, when combined with the uniformly-distributed load, be most 
effective, that is, on a freely-supported span : (a) for bending moment at midspan : at mid- 
span; (b) for shearing force at the support: at the support; and (c) for shearing force at any 
section: at the section. 

On slabs, the knife-edge load of 2700 lb. per ft. width is assumed to act parallel to the 
supporting members (that is, at right-angles to the direction in which the slab spans). On 
longitudinal girders, stringers, etc., this load is assumed to act transversely to them (that is, 
parallel to their supports). On transverse beams the load is assumed to act in line with 
them (that is, 2700 lb. per ft. of beam). 

If longitudinal or transverse members are spaced more closely than at 5-ft. centres, the 
live load allocated to them must be that calculated on a strip 5 ft. wide. With wider spacing 
the width of this strip will be equal to the spacing of the members. 

B.S. No. 133 (Part 3a): Design Loads. — Slabs spanning in One Direction: uniformly- 
distributed load = wl lb. per sq. ft. (Table 6); knife-edge load = 2700 lb. per ft. at right- 
angles to span; transverse reinforcement = sufficient to resist 50 per cent, of live-load bend- 
ing moment. 

Slabs spanning in Two Directions and Cantilevered Slabs (not less than 4-ft. projection) : 
two wheel loads each equal to W (Table 6). 

Aircraft Runways. — Aircraft runways and aprons are designed to support a basic load 
designated as the Equivalent Single Wheel Load (E.S.W.L.), which is equal to the actual 
wheel load if each undercarriage of the aircraft has only one wheel and, m the case of multiple- 
wheel undercarriages, is the single wheel load that produces the same stresses in the slab as 
the group of wheels at the same tyre pressures. The E.S.W.L. varies with the thickness and 
type of paving, and for each type of aircraft corresponding values are specified by the 
authorities. 

In British practice, a Load Classification Number (L.C.N.) is attributed to each thickness 
and type of paving and for each aircraft ; a given paving can be used by aircraft having the 
same or lower L.C.N. as the paving. The L.C.N. of an aircraft is equal to the E.S.W.L. (lb.) 
divided by 1000. The International Civil Aircraft Organisation (I.C.A.O.) has a different load 

(Continued on page 152.) 



WEIGHTS OF VEHICLES. — TABLE 6. 
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Aircraft Runways (continued from page 150), 
classification, and the equivalent classification and L.C.Ns. are given in Table 6. Design of a 
pavement depends upon the loading, the contact area (= E.S.W.L. -f- tyre pressure), and the 
supporting power of the ground. Values of contact area and the corresponding L.C.N. in 
accordance with a standard loading curve are given in Table 6. Some examples of contact 
area (and in brackets the corresponding E S.W.L.) for various aircraft are as follows. 

Dakota, 270 (12,000); Viscount 700, 270 (24,000); Comet 4, 225 (35,000); Constellation, 
490 (37,500); Boeing 707, 360 (50,000); and D.C.8, 430 (56,000). 

Reference should be made to "International Standards and Recommended Practices — 
Aerodromes. Annex 14" (issued by the International Civil Aviation Organisation=I.C.A.O.) 
For particular design data see " Design and Construction of Airfield Pavements "by J. Maxwell 
Watson (Journal of Institution of Structural Engineers, 1958), from which the foregoing data 
is abstracted. 


EFFECTS OF WIND. 

Wind Pressures on Buildings (Table 8). 

Exposures. — Exposure D corresponds to a wind having a velocity of 72 m.p.h. and is 
applicable to exposed sites near the coast and on inland mountains in Great Britain. Exposure 
C corresponds to a velocity of 63 m.p.h. and applies to inland sites in open country not 
exceeding 800 ft. in altitude. Exposure B is for general use and is the condition generally 
accepted by the London By-laws ; it corresponds to a velocity of 54 m.p.h. and applies to 
inland sites at altitudes not exceeding 500 ft. For sites well protected from the wind by 
natural features, exposure A (45 m.p.h.) applies. 

Pressures . — The basic pressures p lb. per sq. ft. at any height and for any velocity 
V m.p.h. are calculated from p — 0-0001925 V*pD, in which po is the pressure for the same 
height given for exposure D (V — 72 m.p.h.) in Table 8. The height of the building on which 
the value of p is based is the distance from the ground to a point midway between the eaves 
and the ridge if the roof is sloping, or to the eaves or top of the parapet if the roof is flat. 
The value of p for projections above the general level of the roof is based on the total height 
of the projection above the ground. 

General Formula for Wind Pressure. ( Table 7). — The following example shows the 
application of the formulae for the velocity and pressure of the wind as given in Table 7. 

Example. — If meteorological records for a certain site show that the probable maximum 
velocity of the wind is 75 m.p.h. at a height of 33 ft. (10 metres), estimate the pressures on 
a circular chimney erected on this site, and having a height of 200 ft. 

For V x = 75 m.p.h., V H = I7‘5 + 49*3 log + 16). 

Allowing a shape factor of 0*77, p — 0-0034 F* x 0-77 = o-oo26Fj* a . 

Substitution of various values of H gives 


H 

200 

150 

100 

50 ft. 

V H 

107 

IOI 

94 

82 m.p.h. 

P 

30 

27 

24 

18 lb. per sq. ft. 


Example of Wind Effects on a Water Tower.— To find the overturning moment due 
to wind on a water tower comprising a tank of 20 ft. diameter and 12 ft. high supported on 
an enclosed tower 14 ft. square, the distance from the ground to the underside of the tank 
being 50 ft. The foundation is 3 ft. below ground. Assume a wind 60 m.p.h. at 40 ft.; 
therefore from Table 8 the average pressure on the tower (h — 25 ft. average) is about 13 lb. 
per sq. ft., and 15 lb. per sq. ft. on the tank (h = 56 ft. average). 

Total wind pressure on tank — 20 x 12 x 15 lb. x o-66 = 2400 lb. 

The factor o-66 is the reduction due to circular shape (Table 7) ; ratio of H to B is about 4. 

Centre of pressure — 3 + 50 -f- (0-5 x 12) = 59 ft. above foundation. 

Total wind pressure on tower (wind normal tojace) = 14x50x13x1*1 = 10,000 lb. 

Ditto (wind normal to diagonal) — 14V 2 X 5© X 13 X o*88 = 11,300 lb. 

The factor o-88 is the reduction due to wind normal to a diagonal (Table 7). 

Centre of pressure = 3 4- (0*5 x 50) = 28 ft. above foundation. 

Overturning moment about axis parallel to a face of the tower 
= (2400 x 59) + (10,000 x 28) = 421,000 ft.-lb. 

Overturning moment about a diagonal = (2400 x 59) + (iL3°° X 28) 

** 458,000 ft.-lb. 



REDUCTION FACTORS DUE TO SHAPE f VELOCITY AND PRES SURE BASIC OAT A 


WIND VELOCITIES AND PRESSURES.— TABLE 7. 



RELATION OF VELOCITY TO HEIGHT, 
MET. OFFICE FORMULA (MODIFIED). 

V H * O- -2337 V, [l + 2-81 LOG. 0-3 (H+ IG)J 

RELATION OF CROSS PRESSURE Tp VELOCITY. 
p « 0*0034 V 2 


VARIATION OF PRESSURE 
ON VERTICAL CYLINDRICAL 
SURFACE 

DIRECTION 
OF WIND 



L e A 


vf i 


'sT‘ 


V W « VELOCITY (M. F.H.)OPW1NO 
AT HEIGHT H FT. . 

V, » VELOCITY (M.P.H.) AT 

HEIGHT OF 33FT.(lOMETR^ 
V » VELOCITY (M.P.H.) GENERAL 
p * GROSS PRESSURE (LB,/ SQ.FT.) 

/SUCTION 

rC P^-H'op 

p 2 * ~2‘2p 

-44— P 3 * -0*4p 

vV 3 e » 33° 


VARIATION OF PRESSURE ON BUILDINGS (NO OPENINGS IN WALLS) 
H/ -2r 4 PITCH OP ROOF <30° *30° 


No ON 
BEAUFORT 
SCALE 






DESCRIPTION 


VELOCITY 

PRESSURE 

OF 

GENERAL EFFECTS 

V 

p- 00034 V 2 

VVI ND 


MILES PER HOUR 

LB. PER SQ.FT 

CALM 

SMOKE RISES VERTICALLY. 

0 


LIGHT AIR 

{DIRECTION SHOWN BY SMOKE; 

IWlND VANES NOT AFFECTED. 

1 


LIGHT BREEZE 

/ breeze felton face; leaves rustle; 

/WIND VANES MOVE. 

5 

LESS THAN 

gentle breeze 

/LEAVES AND SMALL TWIGS IN MOTION; 

{light flags extended. 

10 

* 5 

LB. PEK 

MODERATE BREEZE 

FRESH BREEZE 

SMALL BRANCHE5 MOVE} DUST AND PAPER RISE. 
/SMALL TREES IN LEAF SWAY/ 

/CRESTED WAVELETS ON INLAND WATER. 

1 5 

21 

Sq.FT. 

STRONG 8REEZE 

/LARGE BRANCHES IN MOTION} 

{telegraph wires whistle. 

27 


MOOERATE GALE 

/WHOLE TREES IN MOTION,* 

\WALKlNO INCONVENIENT. 

35 


FRESH GALE 

TWIGS BREAK OFF} WALKING IMPEDED. 

42 

6 

STRONG GALE 

SLIGHT STRUCTURAL DAMAGE. 

50 

d'/Ar 

WHOLE GALE 

TREES UPROOTED,' STRUCTURAL OAMAGE, 

53 

12 

STORM 

WIDE-SPREAD DAMAGE. 

68 

16 

hurricane 

— 

>75 

>19 

VIOLENT HURRICANE 

- 

IOO 

34 



RATIO OF H El GHT TO BASE 


SHAPE CIRCLE 

st™ oc-^oon 

ON SQUARE- WIND NORMAL TO DtAGONA 


OPEN FRAMES (UNCLAD STRUCTURES). REDUCTION FACTORS 

MEMBERS OF NON-CIRCULAR CROSS-SECTION ,>0 B. S- 

DITTO CIRCULAR DITTO 0*7 COD£ 

SINGLE ISOLATED MEMBERS OF Cl RCULAR CROSS-SECTION 0*6 No.3 

CHIMNEYS AND SHEETED TOWERS (CLAD STAUCTURES) BRACKETS* CHAP 3£ 
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WIND ON BUILDINGS. 

Example, — A building having the cross-sectional dimensions shown in the accompanying 
diagram is on a site graded as exposure B. In the centre there is a tower 18 ft. wide in a 
longitudinal direction. The slope of the pitched roof is 3:1. Determine the wind forces 
for which the various parts of the building should be designed. 

Stability and Foundations. 

(i) The effective height of main part of building from ground to midpoint between eaves 
and ridge is 67*5 -f (0*5 X 5) = 70 ft. The basic wind pressure {p) for this height (by inter- 
polation) is ii *5 lb. per sq. ft., acting as a positive pressure of 0*5 x 11*5 = 5*75 lb. per sq. ft. 
on the windward face and a negative pressure (suction) of 5*75 lb. per sq. ft. on the leeward 
face. The total horizontal force on windward (and on leeward) vertical face is 

100 x 67-5 x 5*75 = 38*813 lb. 

(ii) The pressure normal to windward slope of roof (slope is about 20 deg.) is 

0-4 x ii*5 == — 4*6 lb. per sq. ft. 

The total pressure normal to windward slope is (100 — 18)15*8 x (— 4*6) = — 597° lb. 

Horizontal component of ditto = ~={— 5970) = — 1890 lb. 

V 10 

(iii) The pressure normal to the leeward slope is — 0*45 x 11*5 =* — 5*2 lb. per sq. ft. 
Horizontal component of pressure normal to leeward slope (by proportion to windward 

slope) = — 1890^-^ = — 2130 lb. 

(iv) The height of projection (tower) above ground is 67*5 -f 22*5 = 90 ft. 

Basic wind pressure for 90 ft. is 12*5 lb. per sq. ft., that is 6*25 lb. per sq. ft. pressure on the 
windward face and 6*25 lb. per sq. ft. suction on the leeward face. The total horizontal 
force on windward (and on leeward) vertical face of tower is 
6*25 x 22*5 X 18 = 2525 lb. 

The pressure on the flat roof of the tower has no horizontal component. 

Design of Walls. 

Assuming ordinary proportion of openings, the walls of the main building as a unit 
should be designed for a pressure of db 0*7 p = ± 07 X n*5 — ± 8 lb. per sq. ft. 

Individual wall panels should be designed for i o *8 X 11*5 = ± 9*2 lb. per sq. ft. 
Walls of tower should be designed for ± 0*7 x 12*5 = ± 8*8 lb. per sq. ft. 

Panels of walls of tower should be designed for ± o*8 x 12*5 ~ ± 10 lb. per sq. ft. 



dimensions 


STABILITY WALLS • ROOFJ 

PAESSUAES IN LB. PEA SQ0AA6 FOOT 


Design of Roofs . 

The windward slope of the pitched roof (about 20 deg.) should be designed for a general 
suction of 0*4 x 11*5 = 4*6 lb. per sq. ft., and the leeward slope for a general suction of 
0*45 x ii* 5 5*2 lb. per sq. ft. 

Each panel of the pitched roof should be designed for the following suctions: Windward 
slope, 0*7 x ii *5 *= 8 lb. per sq. ft. Leeward slope, 0*75 x 11*5 = 8*6 lb. per sq. ft. 

The windward half of the flat roof of the tower should be designed for a general upward 
pressure (suction) of 1*0 x 12*5 = 12*5 lb. per sq. ft., and the leeward half for a general 
upward pressure of 0*75 x 12*5 «• 9*4 lb. per sq. ft. 

Individual panels of the flat roof should be designed for the following upward pressures 
(suctions): Windward half, 1*3 x 12*5 — 16*25 lb. per sq. ft. 

Leeward half, 1*05 x 12*5 = 13*1 lb. per sq. ft. 



BASIC ( 

rare 

RT^CAL FACE | 

w 

A 

B* 

c 

D 

>10 

4 

G 

B 

to 

20 

5 

7 

9 

12 

30 

5 

B 

II 

i4 r 

40 

6 

3 

IZ 

•Ifi 

50 

7 

to 

14 

19 

60 

8 

ll 

15 

20 

80 

9 

12 

17 

22 

100 

9 

13 

18 

24 

120 

10 

14 

19 

25 

140 

M 

15 

21 

27 

1 GO 

(1 

\G 

22 

28 

190 

IZ 

17 

23 

30 

>700 

12 

17 

24 

31 


WIND PRESSURES ON STRUCTURES,— TABLE 8. 


vLFACE | ROOFS I WALLS 


GENERAL 

PRESSURES 


LOCAL 

PRESSURES 


GENERAL + 

(stability) -°' s ? 


L'TT^WlNp- LEEWARD WIND- l££ WARDS 

(PEGS.) SLOPE SLOPE SLOPE Sl0PE I OESIGNOF 

O - l*Op -0-75p -l-3p ^05?1 w ^\ S T fi 
10 -0-7P -0'5p -M P -0-8 pL„, ‘ 


40 +0*1 p -C-4&P +0* 4p -0*75p sPeciAtcA.se 

100 9 15 18 ^ 50 +0-3 p -0-4Sp +0.& P -0-76p| <3 2Q>, 

120 10 14- 19 25 r £ H 1 l 

.40 II 15 21 27 60 «Hp -045p+0-7p -<H5p l-L-^ 

.00 I. ki 22 28 70 +0-5 p -0-45p +0-8 p -0-75p 

ISO 12 17 25 30 00 +0*5 P -0*46p +0*8 p -0*75 p wall 

>700 12. 17 24 31 90 +0*5 p -0’5p +0*8p -0*8p panels 

b = BASIC PRESSURE (LB. PEK SQUARE FOOT) ON VERTICAL FACE 
DATA COMPLY WITH B. S. CODE No. 3, CHAP. 3T 
* DENOTES REQUIREMENTS OF LONDON BY-LAWS. 


HORIZONTAL PRESSURE » 3 0 LB. PER SQUARE FOOT OF EXPOSED AREA 


ordinary 

openings 

±o-7 p 

LARGE 

OPENINGS 

t l‘Op 

SPECIAL CASE 


m 

tO'Bp 

H-L— H 
L>2H n 


DESIGN OF 
WALL 
panels 

±0-8p 


EXPOSED AREA 


(PER B. S. No. 153) 
S. r P 


ru j c u nr\trvo. p *C 7 

FOR UNLOADED BRIDGE = A 
LOADED BRIDGE =*A+LH 


t * DISTANCE BETWEEN WINDWARD 
AND LEEWARD BEAMS, 
d - DEPTH OR HEIGHT OF BEAM 
OR PARAPET. 

L* LENGTH OF BRIDGE 


A - NET HORIZONTALLY” PROJECTED AREA OF WIN DWARD SIDE OF BRIDGE 

H • ADDITIONAL HEIGHT OF "AREA" SUBJ ECTED TO WIND DUE TO LIVE LOAD. 
FOR CALCULATING H THE TOP OF THE VEHICLES, ETC., FORMING 
THE LIVE LOAD IS CONSIDERED TO BE AT A UNIFORM LEVEL THUSi- 
ROAD BRIDGE: 8 FT ABOVE ROAD 
RAILWAY BRIDGE: IZ FT. ABOVE RAIL 
FOOTPATH 5 5 FT. ABOVE FOOTPATH 

VERTICAL PRESSURE (FOR STABILITY C ALCULATIONS) * 5 LB.PERSQ FT. OF PLAN AREA 
v (ACTING UPWARDS) 
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TRANSMISSION-LINE POLES. 

If the spans of the conductors on either side of an intermediate pole are unequal the pole 
is subject to an unbalanced pull in the direction of the line, as is also a pole at the end of 
a line, and a strut or guy is generally provided at a pole at the end of a line. In Table 9 are 
given formulae for the forces in the direction of the line on an intermediate pole and on an 
end pole, with expressions for the forces in a strut or guy in the same plane as the line, and 
the resultant vertical thrust on the pole. Normally the vertical load on a pole is the sum 
of the weights of the conductors, of the ice on the conductors, of the brackets, insulators 
and other fixings, and of the pole itself. The net weight, diameter, and strength of typical 
conductors are given in Table 9, with an expression for the weight of the conductor and the 
ice thereon. 

A pole at a point where a change in the direction of a transmission line is made is subject 
to an additional transverse force which is usually resisted by a guy or strut. When the 
change in direction is small a guy or strut is not always provided, in which case the addi- 
tional transverse force (see Table 9) has to be taken into account. 

If a conductor breaks, an intermediate pole in a line of equal or unequal spans is subject 
to an unbalanced pull in the direction of the line. If the pole carries several conductors 
and only one breaks the unbalanced force may be comparatively small, but in a line of only 
one conductor the unbalanced force on the poles, especially those at either end of the broken 
span, may have serious effects if the pole has not been designed for this condition. The 
maximum unbalanced load to which a pole can be subjected when all the conductors in one 
span break is the pull corresponding to the breaking load of the conductors in the adjacent 
unbroken span. It is, however, unlikely that all the conductors in one span will break 
simultaneously, and this extreme case is not usually worthy of consideration except for a 
pole carrying a single conductor. For small ratios of sag to span the maximum horizontal 
force that can act on a stiff pole in the direction of the line is about equal to the maximum 
tension in the conductor, which in the limit equals the tensile strength, some values of which 
are given in Table 9. If a pole is designed for this extreme load the factor of safety can be 
less than that for normal working conditions. If a pole carries two or more conductors, the 
breaking of one causes, in addition to an unbalanced force in the direction of the line, a twist- 
ing moment on the pole. The effect of the breaking of one or more conductors can be analysed 
mathematically having regard to the elastic deformation of the poles, but usually sufficient 
security against serious overstressing, due to this cause, is obtained by compliance with the 
regulation of British authorities that the strength of the pole in the direction of the line shall 
be at least one-quarter of that in the direction normal to the line. 

Transmission-line poles are classified in the British Standard according to the minimum 
ultimate transverse loads they are designed to resist. The working load is the ultimate load 
divided by a suitable factor of safety. Values of the ultimate loads are given in Table 9. 

Light transmission-line poles to carry, say, four low-tension conductors in a vertical 
plane and spanning 150 ft., and telegraph poles, are usually satisfactory if designed for a 
working load of 500 lb. applied at the top of the pole. 



LOADS ON TRANSMISSION-LINE POLES. — TABLE 9. 


TYPICAL CONDUCTORS 


N90F 5TRAND5. 


DIAMETER OF WIRE. 


ALUMINIUM 






POLES IN STRAIGHT LINES— 

P - fl 1 Pi 


t-S,(.SAG) 


'-S 2 .(»SAGj 

L 1 


WINDOW 

h h 2 L‘vpp*» 


POLE AT END OF LINE. INTERMEDIATE POLE. 


I J APPROX. 


VIEW IN DIRECTION OF LINE. 


o Nft-Lifdr+di') r. Np, A.t + l?Ydr+d/) TRANSVERSE FORCE DUE TO 

P U)“ PC [^ C V p hl ° 24^ ^ WIND ON CONDUCTORS. 

p N Wt L^ p NuIlL? p NultLi HORIZONTAL FORCES IN 

P l “ H=- r f ! - "z = - DIRECTION OF LINE. 

o S| 0 S( 85?. 

y = N u>t L l 4- Wd V = Nuft Jd+il+. Wd TOTAL VERTICAL LOAD. 

2. Z 


POLE AT CHANCE IN DIRECTION OF LINE:- z 

— r — 1 I — - . i 2 I ^ 


^\la\ PLAN OF F * , A ** 

zl D FORCES ACTING , NpufcU + dj)/. q 

v“t near top of pole. - 1 - ^ CLi cos 0 ,+l 2 cos 


notation: all units are feet and lb. unless OTHERWISE STATED. 

N= NUMBER OF CONDUCTORS. B « BREADTH OR DIAMETER OF POLE 
dr® NORMAL DIAMETER OF CONDUCTOR0H.). W 0 » Wt.OF POLE,ATTACHMENTiETC 
d|« INCREASE IN DIAMETER OF CONDUCTORS DUE TO ADHERING ICE. 

Wt 3 WEIGHT OF CONDUCTOR(aJ<0 AND ICE(LB. PER FT.) *Uf c +lt(ld c +d|). 
p c = WIND PRESSURE ON CONDUCTORS J pp*» WIND PRESSURE ON POLE. * 
IF SAG IS LARGE COMPARED WITH L: REPLACE Lj BY (t t -F AND REPLACE IZ^Lzt^ 


MINv.UtTIMATE TRANSVERSE LOADS(B.S.)I FORCES IN STRUTS AND GUYS. 

APPLIED AT h « H - 2. FT. | J- ^ 

1 

2,50o|3,OOO^OojV 0 ^P , | 


IBCSSII 


MAX.O/L 

LENGTH 




For wind pressure on transmission-line poles, see Table 8. 
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ACTIVE PRESSURES DUE TO RETAINED MATERIALS. 

Granular Materials. 

Examples of Pressure of Dry Materials. — (a) Find the total horizontal active pres- 
sure on the back of a vertical wall 15 ft. high retaining ordinary earth with a level surface 
subject to an imposed load of 2 cwt. per sq. ft. (= W). 

Assume for earth: w = 100 lb. per cu. ft.; $ = 35 deg. From Table 11, A a = 0*271. 
Pressure at base of wall due. to retained earth and surcharge ( Table 13) : 

Pi = h t {wH -f W) a 0*271 [(100 x 15) + 224] as 467 lb. per sq. ft. 

Pressure at top of wall due to surcharge: p t — 0*271 x 224 = 60*6 lb. per sq. ft. 
Total pressure = \H{ 467 -f 6o*6) = 0*5 x 15 X 528 = 3960 lb. 

(b) A vertical wall 20 ft. high retains a heap of dry coal, the top surface of which is sloped 
downwards from the wall at the natural slope. Find the intensity of active- horizontal pres- 
sure at the base of wall, neglecting friction on the back of wall. 

From Table 11, w = 58 lb. per cu. ft. and 0 = 40 deg.; 

A s = 0*16; 

Pz = k a wh = 0*16 x 58 x 20 =■ 186 lb. per sq. ft. 

Effect of Ground -water. — If ground-water occurs at a depth h w below the top of the 
wall, the intensity of horizontal pressure is k a wh when h does not exceed h w \ when h is greater 
than h w the pressure is given by 

pa = k a wh w + {k t w B + w w ){h — h w ), 

where w B is the buoyant density of the soil (about 60 per cent, of the drained density w), 
and w w is the density of water (62*4 lb. per cu. ft.). 

For a dry granular material with level fill, the passive resistance is Q- ^ 

that is v— as given in Table 10; values of k t are given in Table n. This expression also 

applies to drained soil above ground- water level ; for saturated soil below this level the pas- 
sive resistance is given by 

Pp = TT + (if + "'“)(* - *“)• 

The symbols have the same significance as in Table 11; hu> is the depth to ground- water. 

Active Pressure Normal to Inclined Surfaces. — The intensity of pressure normal 
to the slope of an inclined surface, such as a hopper bottom loaded with coal, grain, sand, 
stone, or other granular material, at a depth h below the level surface of the filling is 

wh(k t sin l 0 x -f cos 8 6 X ), 

where B x is the angle between the horizontal and the sloping surface. Values of k 2 and of 
k t sin* d x + cos 8 0 X for various angles 6 from 30 deg. to 45 deg. are given in Table n. 

Materials Immersed or Floating in Liquids. 

Materials Heavier than the Liquid. — With granular material, of which the specific gravity 
exceeds that of the liquid in which it is just fully immersed, the intensity of horizontal 
active pressure on the vertical wall of the container is 

pa - + k(^~ - l)(l - 7)]. 

where wl is the weight per cu. ft. of the liquid (lb.), w m is the weight per cu. ft. of the 
solid material (lb.), V is the ratio of the volume of the voids in a given volume of the 
dry material, k is the horizontal pressure factor depending on the slope of the surface of the 
material and the angle of repose of the dry material (that is, factors k x , k t , or k s in Table n), 
and h is the depth (ft.) from the top of the submerged material to the level at which the pres- 
sure is being calculated. If the surface of the liquid is at a distance h 0 ft. above the top of 
the submerged material there is an additional pressure of The total intensity of pres- 

sure at any depth A 0 -f h below the surface of the liquid is u/l(A 0 + hF) where 

F =[ I + A S- I ) (I - V) ]- 

If the material is immersed in water, wl is 62*4 lb. per cu. ft. and the pressure is 62*4 {h 9 -f- hF) 
lb. per sq. ft. 


{Continued on page 162.) 



HORIZONTAL PRESSURES DUE TO RETAINED MATERIALS.— TABLE 10. 


INTENSITY OF PRESSURE NORMAL TO BACK OF WALL AT DEPTH h FT, p ■ Kwh Sin 8 
TOTAL PRESSURE NORMAL TO BACK OF WALL OF HEIGHT H FT. P»kkwH 4 $jn^ 
VALUES OF k FOR VARtOUS CONDITIONS ARE GIVEN BELOW. 

TOTAL PRESSURE ON BACK OF WALL * Vsec U 

ANGLE BETWEEN LINE OF ACTION OF P, AND BACK OF WALL « (BO - p) 

FORCE PARALLEL TO BACK OF WALL F = PtanjU » P, sin U 

WHEN FRICTION ON BACK OF WALLIS NEGLECTED (p- o): P, * P>F«0$ ANGLE- 90° 
NOTATION. W - WeiGHT OF RETAINED MATERIAL (LB.PER CUBIC FOOT). 

< t m ANOLt OF SLOPE OF BANK OF RETAtNED MATERIAL (DEG.) 

ANGLE OF INTERNAL FRICTION OF MATERIAL RETAINED (DEG.) 

P a ANGLE OF FRICTION BETWEEN MATERIAL ANO CONCRETE WALL(DEG.) 
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(min.) 3 [_(rn-i)sin^ J sin 2 /? 


cmes K = 


f sin (Is- 6) ' 


L(n+ l)smjjj sin(p + /3)$in/3 


/6in(0+M)s«n(0-0) 
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INTENSITY OF HORIZONTAL PA5S1VE RESISTANCE AO AlNST VERTICAL WALL 
AT OEPTH H FT. - O) *, a Uih - /»»sine\ m L 

r P k<i “ V i — sin 0 / 

m INTENSITY OF HORIZONTAL PRESSURE AT DEPTH OF h FT. [7 TTZ 

£ * ON VERTICAL WALL . ( 6 » o) 

rS , : * SHEAF 

<1 P. " (iTsITre) “ h " 2 Mh- z c/k7 


INTENSITY OF HORIZONTAL PASSIVE RESISTANCE AGAINST VERTICAL 
WALL AT DEPTH h FT. (^ - O) h 2C 

RETAINING ORDINARY SATURATED CLAY: P * — A ~ 

1 ft 


C » COHESION FACTOR 
* SHEARING STRENGTH 
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TABLE 11.— PRESSURES DUE TO GRANULAR MATERIALS. 


I 


RETAINED 
COHESIONLESS J 
SOILS ETC. 

GRAVEL' COMMON 

SHINGLE LOOSE 
SANDY COMRACT < 
LOOSE a 

sand: pine dry : 

WET 

WELL GRADED COMPACT ' 
LOOSE i 

UNIFORM 

FlNEoaSILTYiCOMWCT : 

LOOSE : 
COMSEoaMEOIUM: COMPACT : 

LOOSE ; 

CRUSHED ROCKt 
GRANITE 
BASALT, OOLBRITES 
LIMESTONE, SANOSTONE 
broken CHALK 


HORIZONTAL PRESSURE 
OF GRANULAR 


CHECH 


.FT. 

IN I. MOIST % 
BUtK (DRAINED) 
Uf Wr 


CONTAI NED 
GRANULAR 
MATERIALS 


|r .,— -URE CAPACITY I 
[CALCUL ATIONS CALCULATIONS 


3S%>45® 1 
4o* 

40% 45* 
3£?to40* 

3 (fro 3^ 
0 # n5 30° I 
40% 4 5* I 
3 5% 40® I 


• - COAL: DRY UNWASHED 

WASHED 

WIT (l5?fe MOISTURE) 

FINE 

SLURRY 

i - ANTHRACITE 

) 120 to 140 COKE, BREEZE, ETC. 
MIOTtotZO SHALE*. BROKEN 
I 11010135 COLLIERY 01 RT 

3 100 to 1 10 CRAIN: WHEAT 
) I 20 to 130 BARLEY 

l I05 to1?0 CEMENT: STATIC FINE 
, « COARSE 

) - AIR-AGITATED 

l - ASHES 

BROKEN BRICK 


I VALUES OF 62-4 F (LB.PER SCL Ft/Ft) 


tN WATER 

SUBMERGE) 

cu.ft.; 

U)M 

25 

30 

35 

40 

45 

50£ 

COAL (CRUSHED) 

35° 

80 

GG 

G6 

65% 

65 

G5 

64% 

STONE (CRUSHED) 

35* 

160 

82 

81 

73% 

78’£ 

77 

7G 

SAND 

0° 

ICO 

135 

130 

125 

122 

1IG 

111 


40* 58 4B° AS 

40* 56 4 5° 45 
2 5* 56 4 5* 45 
20* 56 40* 45 
62$ 4Cf 50 
17* 52 40° 45 
40* 35 45* 30 
30* 130 3Ef 100 
35* 70 A€ 60 
25* 48 - 45 

25* 25 - 25 

10* 90 - 84 

18° 90 - 90 

0° 75 - 75 

35° 60 45* 4-0 
35* 100 45° 70 


I k«0fr4h.,+62- 4Fh 
1 U5.PERWl.FT. Brtu“ 













PRESSURES DUE TO COHESIVE SOILS. — TABLE 12. 



TVPF of {ft II FORMULA for intensity (lb per scl ft.) 
i y r b ur BOI L op H0RllcmTAL PRESSURE AT DEPTH h FT. 



(partially 


h . *c.pr 

® LJ k? |-y^ [U<U T 

ABOVE GROUND WATER LEVEL. ^ *- ° 1^0 

H > h 0 :- p„ » UJ w h . x *- u 

H>h 0> h w =- Pj.kjUh— 2Cp<^ £ k, c^n PWMER 

BELOW GROUND WATER LEVEL. =V — — L 

h >“ ^ H w ‘-“ twhkb, 

Pi - k 2 w MM e +<(h-K,)-?C,|tr 2 wel0HTs(lB>PERCU . FT . ) 

2 C t H C“ ’ W “ WE,CKT OF SATURATED CLAY 

^ 0 = > ■*" OR BULK WEIGHT OF EARTH . 

h-kh S.H /cctImV ^ ... u WEIGHT OF WATER 

h>h 0 > T .(5FT.MtN.).- p 2 =W w h ^=» G2*4 LB. PER CU. FT. 

ii , [ ckT 0J B = BOUYANT WEIGHT 

h>h 6 : ~ p 2 »U)h~ 2C S J+-^ * O* Guf APPROX. 

- COHESION (LB. PER SQ.FT.) 

Vl 0 => / J + jCw C » COHESION AT NO LOAD ON CLAY 

m W N C H Cj = cohesion of softened CLAY 

h >h 0 > Y (5 FT. MIN.):- p 2 = UJ w h C h = COHESION AT DEPTH V) 

C w - COHESION between clay anowau. 

h > ho s- p 2 » wh - 2 C h I * C H BUT >1000 LB. PER SA.FT. 

RjC.WALL$, 5HEET PlLES^TC(NOT HEAVY GRAVITY WALLS) k 2 * “j + 0 ( SE£ TABLE * 8 ) 

WATER LEVEL BELOW GROUND LEVEL IN FRONT OF WALL & » ANGLE OF INTERNAL FRICTION 


NOTATION 


ACTIVE PRESSURES. 


sat a u nT° ; h > h °**v- 


e ^ o 


FISSURED 

CLAY 


BELOW GROUND WATER LEVEL. 

h >h c >*h vv >- 


- bells 

2 FORMULA 


NON- FISSURED — ^ v,h 

CLAY ll»h 0 >-Sr(5FT.MIN.):-p 2 =Ul w h 

e * 0 h>h 0 =- p=wh-2c H I 

t. C-h 

FORMULA APPLY TO RjC.WALUS, 5HEET f!LE5 / ETC(N0T HEAVY GRAVITY WALLS) 


Pi’ k ; ujh w t(k 2 0J e tai w )fh-b w )-2cJ^ 


h>h 0 >-^-(5FT,MLN.):- p 2 =w w h 
h>h c :- P 2 “ Wh- 2C S FF 


CLAY h P >h w" p p = Tl + rfe 

WATER LEVEL ABOVE GROUNO LEVEL IN FRONT Of WAU 


PASSIVE 

RESISTANCE 


i L 

. , h w 


p w p p =u; w hp 

h P > V- HI./. 


Ki(V h w) +aJ * h P t 7r 2 
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ACTIVE PRESSURES DUE TO RETAINED MATERIALS 
(continued from page 158). 

The foregoing expressions apply to materials such as coal or broken stone, the angle of 
repose of which is not materially affected by submergence. It is advisable to reduce the 
value of the angle of repose to about 5 deg. below that for the dry material when determining 
the value of A for the submerged material . In the calculation of A for such material it can 
be assumed that the angle of repose and angle of internal friction are identical. 

For a material such as sand, which has a definite angle of repose when dry but none when 
saturated, A is unity when submerged. 

The values of Fwl (lb. per sq. ft.) for unit h for crushed coal, broken stone, and sand, 
when immersed in water, and with level surface are given in Table 11. 

Materials Lighter than the Liquid. — If the specific gravity of the material is less than 
that of the liquid, the intensity of horizontal pressure, at any depth h below the surface of 
the liquid in which the material floats, is WLh. Therefore, if stored in water, the horizontal 
pressure on the walls of the container is equal to the simple hydrostatic pressure of 62*4* 
lb. per sq. ft. 

Cohesive Materials. 

Find the intensity of horizontal active pressure at a depth of 25 ft. below the top of wall 
supporting moderately firm clay assumed to be partially saturated. 

From Table 12, 9 — 5 deg. and C = 1120 lb. per sq. ft. 

From Table 11, for 9 = 5 deg., A a = 0*84; assume w = no lb. per cu. ft. 

Substituting in Bell's formula, p t = (0-84 x no x 25) — [2 x 1120 x Vo-84] == 2 ^° lb- 
per sq. ft. 

(This method of calculation should not be adopted unless the values of 9 and C have 
been well proved by test, and factors that may affect these values in the future have been 
fully considered.) 


SURCHARGE ON GRANULAR MATERIAL. 

Non-level Filling. — As is seen from the factors given in Table n, the slope of the sur- 
face of the filling behind the wall has a marked effect on the theoretical pressures. For 
practical purposes any alteration of the shape of the surface beyond the point B in the dia- 
grams in Table 13, or any additional loading beyond this point, has little or no effect upon 
the pressure on the wall. The general formulae in Table 1 1 allows for any slope between the 
limits DB and DB l . 

When the surface of the filling is not at a uniform slope, special consideration is required. 
In the common cases depicted in Table 13 the magnitude of the active horizontal pressure 
on the wall is between that when the surface is level and when the surface slopes upwards 
at the maximum angle. On the diagrams are given empirical expressions for the increase 
of pressure due to these intermediate conditions. The total pressure on the wall is increased 
above that for a level surface by an amount proportional to the mean increase in the head of 
the material. These surcharges give no pressure at the top of the wall, and the centre of 
total pressure is assumed to be one-third of the way up the wall. 

Load Imposed on Filling. — When the filling behind a wall is level but liable to self- 
retaining loads, such as stacked materials, traffic, or buildings, the total imposed load should 
be converted into an equivalent head of the same material as that retained by the wall, and 
the pressure intensity on the back of the wall increased uniformly throughout the depth of 
the wall. In this case there is a positive intensity of pressure at the top of the wall; these 
conditions are illustrated in Table 11. 

Slope Beyond the Natural Angle of Repose. — A type of surcharge not dealt with in 
the foregoing is shown in Table 13 for the case where the angle of the slope of the surface 
exceeds the natural angle of repose, as occurs by protecting a bank of earth with turf or stone 
pitching. For such a case it is suggested that the weight of earth W above the angle of repose, 
represented by the triangle BCD, should be considered as a load operating at the top of the 
wall. The magnitude of the resultant horizontal thrust T and increase in pressure would 
be as shown in Table 13, and each section of the wall should be designed for the extra moment 
due to T. 

Concentrated Load. — A single concentrated load imposed on the filling behind a wall 
can be dealt with approximately by dispersion. With 45 deg. as the angle of dispersion, 
as indicated in Table 13, the intensity of active horizontal pressure additional to the pressure 
due to the filling is given by the appropriate formulae in Table 13. 



:oncentrated load distributed loads 


PRESSURES DUE TO SURCHARGE. — TABLE 13. 


VERTICAL WALL. FRICTION OH BACK OP WALL NEGLECTED. 

GRANULAR MATERIAL: WEIGHT - GO LB. PER CUBIC FOOT. 



For values of k x , k t and h t , see Table n. 
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Applications of Janssen’s Formula. 


Grain Silo.— Consider 
the special case of grain for 
which tan \i — 0*444 and 
k =» 0*5. Substitution in 
Janssen's formula {Table 
14) gives an expression for 
the horizontal pressure Ps 
at any depth h in terms of 
the hydraulic radius R, the 
depth h, and the density w 
of the grain. From this 

expression values of ^ 

can be derived for definite 
values of h and JR as in the 
tabulation. 


VALUES OP 

jjj 1 l*OR 0 AANULAR MATfMAlS(TAH }J» 0*44^ 1 

k«05) 

YfcLUt* or 



VALUES 

OR 

* 





r*cr 

10 

*7*5 

5*0 

4*0 

5*0 

2*5 

2*0 

1*5 

1*0 

10 

4* 5 

4*0 

4*0 

5*q 

5*5 

5*5 

5*1 

2*5 

2*Z 

IS 

6*5 

5*q 

5*5 

5-1 

4*5 

4*1 

5*6 

3*0 

2*3 

20 

8*1 

7*5 

6*7 

6*0 

5*2 

4*7 

4*0 

3*2 

2*4 

2S 

q*5 

6*8 

7*7 

6*7 

5*7 

5*0 

4*2 

3*3 

- 

50 

10*0 

q*q 

8*4 

7*1 

6*0 

5*5 

4.4 

3*4 

- 

55 

12*2 

io*q 

8*0 

7*7 

6*5 

5*4 

4.4 

- 

- 

40 

15*2 

11*8 

q*4 

8*1 

6*5 

5*5 

4*5 

- 

- 

45 

14*2 

12*5 

q*8 

8*5 

6*6 

5*6 

- 

- 

- 

50 

15* 1 

15*0 

10*1 

8*6 

6*7 

5*6 

- 

- 

- 

55 

ie*o 

15*5 

10*5 

8*7 

6*7 

- 

- 

- 

- 

60 

16*5 

14*0 

10*6 

8*8 

6*7 

- 

- 

- 

- 

6 5 

1 * 7*2 

14-5 

10*7 

8*4 






*70 

IT" 7 

14*7 

I 0 *q 

q*o 






*75 

18*2 

15-0 

11*0 







SO 

18*7 

15*5 

11*1 







00 

14*4 

15*7 

11*5 







(00 

20*0 

10*0 

11*4 








•iOttASK IN LATE SAL MMlun <& NE<SlI»IRLE bC LOW THE DEPTHS TABULATED 


Example. — C alculate (i) the horizontal pressures at various depths in a 2o-ft.-diameter, 
silo 60 ft. deep containing grain ; also (ii) the total load carried on the wall due to the filling 
and (iii) the intensity of pressure on the bottom. 

For grain assume w = 48 lb. per cu. ft., k = 0*5, and tan fi = 0*444. 

(i) Therefore, p h = 

The following values of — are obtained from the tabulation above for 
w 

R — 0*25 x 20 = 5*0. 

At 10 ft. depth: p h = 4*0 x 48 = 192 lb. per sq. ft. 

„ 20 ft. „ = 6*7 X 48 = 322 

»» 30 „ « 8*4 X 48 = 403 

„ 40 ft. „ = 9*4 x 48 = 452 

„ 60 ft. „ = io*6 X 48 = 498 ,, „ 

(ii) The load transferred to the wall of the silo by friction is 

(wh — = [(48 x 60) — (2*0 x 498)] 5 

= 9420 lb. per ft. of circumference at the bottom of 
the wall. (This calculation assumes k = 0*5; if k = 0*33 for walls the weight per foot carried 
on the wall will be greater.) 

(iii) The intensity of vertical pressure on the bottom of the silo is 

X ™ 7^ “ 996 lb. per sq. ft. 

Cement Silo. — Calculate the intensity of horizontal pressure on the wall of a cylindrical 
cement silo at a depth of 56 ft. from the surface, assuming D « 32 ft., 0 = 18 deg., w = 90 lb. 
per cu. ft., and /a — 29 deg. (Cement not fluidised.) 

From Table 14, tan a « 0*5543. 

From Table 11, for 9 « 18 deg. k — h t — 0*53 approximately. 

From Table 14, R 0*25 x 32 ■» 8 ft. Thus 

M tan n _ 56 x 0*5543 X o *53 _ g 
2*303 R 2*303 x 8 4 * 

therefore N - 6-95 and pk - ^*^ (1 - g^) - 1130 lb. per sq. ft. 



DEEP CONTAINERS (SILOS). — TABLE 14, 


D,H * WIDTH AND TOTAL DEPTH OF CONTAINER (FT.) 

U * WEIGHT OF CONTAINED MATERIAL (LB. PER CU.FT.) 

« INTENSITY OF HORIZONTAL PRESSURE AT DEPTH h FT. * kp^ (LB. PER SCI. FT.) 

p y * ■ “ VERTICAL » m .» .1 » ^-(LBPERSa. FT.) 

k * “& L . LIMITING VALUE FOR UNCONFINED GRANULAR MATERIALS - K* = Tg ' VtS’flr 
Py FOA CONFINED MATERIALS:- ,TSmCf 

APPROXIMATE VALUE FOR GRAIN a 0*5$ FOR STATIC CEMENT « 0-53. 

6 » ANCLE OF INTERNAL FRICTION OF CONTAINED MATERIAL (DEG.) 
p * ANGLE OF FRICTION BETWEEN CONTAINED MATERIAL AND CONCRETE WALL(06G.) 
tf hk tan y , 

N ■ NUMBER^ THE COMMON LOO. OF WHICH a R "" ( >N JANSSEN'S FORMULA) 

*- ..».»,«»«. ssaw 

SHAPE OF CONTAINER ON PLAN. 

SQUARE 2 0 X. 0 |D 

CIRCULAR! DIAMETER* D R » -J- 

REGULAR POLYGON* DISTANCE ACROSS FLATS « D ^ 


SQ.UARE 2 U * V Q 

CIRCULAR: DIAMETER* D ~ 

REGULAR POLYGON* DISTANCE ACR055 FLATS « D ^ 

^ _ BD 

rectangle: d k D ft * 2 (btD) 

COEFFICIENT DEFINING 'DEEP* CONTAINER « tan & t J tan 0 T~^ 7 T~Tr 
or, » tan ck ■ tan (45°+ Vi 8). ^ tan &+ top 


r h (may.) 

Janssen's formula: 


LIMITING VALUE OF HORIZONTAL PRES5URE 


(per janssen's FORMULA) 


L 1 N J 



•••• 7 

/ 





X D 

d/ 




h 


/ 

H 

>XD 

/ 

. 0 /. 




SHALLOW CONTAINER 

(limiting condition) 


=U — ’p flv janssen's 

7 ^= ^ j ‘h FORMULA 

1*-— RECOMMENDED 
\ 1 DESION PRESSURE 


CONTAINED 

MATERIALS 


DEEP CONTAINER P.a. 

(SILO) 

WEIGHT I FRICTION INTERNAL X 

Ll.fcim WALL FRICTION tan CL 

e I tan $ 00 R*IO| 


! 


grain: wheat 

BARLEY 
SAND, GRAVEL 
CEMENT($TATIC)FINE 
COARSE 

CO At (CRUSHER 
ASHE5 



560 280 

1730 865 

1560 780 

560 
800 
715| 355 


324 

216 

108 

168 

112 

56 

51B 

346 

173: 

4GB 

312 

156 

445 

312 

156 

ZAO 

160 

80 

205 

145 

72 
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YPICAL DIAGRAMS OF BENDING MOMENT AND SHEARING FORCE 


TABUS IS. — BENDING MOMENTS AND SHEARING FORCES: BASIC DATA. 


A *H6ARINCroRee. Q - S [o^tw 0?*K T Tf?N“3 - OF CHANGE OF M. 

BENDING MOMENT. M *» !C J m RATE OF .'CHANGE OF BIO 

SLOPE. Q — /-±L. RATEOFCHANOE OF A 

DEFLECTION (ELASTIC). A «■ /*£ . X • MOMENT OP INERT!* OF MEMBER AT SECTOH 

J C m e LASTIA MABULU» OP MATCH! AL. 


x» MOMENT OF INERT!* OF MEMBER ATSfCn 
E« ELASTIC MODULUS MATERIAL. 



CONO IT| 0 IN 

8 E AMS 

SLABS* 1 


CANTILEVERED ||j 

1 O 

12 

- 

FREE £ * 

20 

30 

35 

CONTINUOUS j 

25 

35 

40 


* For limit i ng span-thickness ratios for flat slabs, see page facing Table 45. 
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FREELY- SUPPORTED BEAMS CANTILEVERS 


CANTILEVERS AND FREELY-SUPPORTED BEAMS.— TABLE IS. 


TOTAL LOAO ON CANTILEVER - W. LENGTH OF CANT! LEVER »L 

REACTtON AT A « MAX. SHEARING FORCE » W. 

B. M. AT A • (tabulated or calculated coefficient k^WL. 

B.M. AT B «• Z.ERO 7 |u,J 

MAX. DEFLECTION AT B - (TABULATED OR CALCULATED COEFFICIENT 

7ZTZTZZ I TOTAL I BENDING MOMENT I DEFLECTION COEFFICIENT 

LOADING I LOAO COEFFICIENT K.* A R 



DEFLECTION COEFFICIENT 

A b 


- I'O 

3 

- a i 


_ ± 

2 

- C a+ 4 b ) 

i 

r x + Y^l-a- b) 

• where X=^j8a s +f8a?b*l2oi^+3b*J 

[ AN0 Y '«b[( <1+b ) 3 - **] 

I 

“ 3 

7T 

a 

“ 3 

• £(«-*: ) 

i 

- -L 

3 

a 

-0-1) 

Jg. [zo-ioa + a 3 ] 

~ z 

7 

60 

1 

— 5” 

It 

9G 

_ _ . . . i 
















TABLE 17.— BEAMS FIXED AT ONE OR BOTH ENDS. 
GENERAL FORMULA. 


w » TOTAL LOAO ON BEAM 

L » SPAN 

REACTION AT B~r e W 

REACTION AT A - W -T* W 

•BENDING MOMENTS S- 


NEG. AT SUPPORT A • K A WL 

AT SUPPORT B- k B WL 

MAX.' posv(at C) - krWL 

DISTANCE OF C FROM B « cL 

MAX. OE FLECTION - (A^XW) 




reactionatb rg»-ja J (3-a) c « I- a. 

°- MS - 1 kc-i^t-aXs-a) 

WH8Na<0*S8G - - WHSRE 

owucncH- A "AT40-V[*K-a(*aX3-*>] x-.-^ 

WH£Na>0*58fi WHERE 

- ikO-x)a 2 [2a-x(2-xX3-a)] a- 


r 9 *i( 3 ~o. + a 2 ) 

k A--K , + a ~ a *) 

*V r B c ~ 2^0? [cO +a) - a(l +|a)] 

WHERE C - jf (3 + 2 a 2 - a 3 ) 

WHEN<X»4j ^MAX.~ 139-5 INTERMEDIATE VALUES 
WHEN a- o , A*** » ’ CAN BE 'ntsapoiated. 


ifUl 


WHEN a* jT> A MAK. c 7515 intermediate values 
WHEN a- O, A ma *- 3 i 4 I CAN 86 ,NTCftP0LATED 


Notb. — Values of coefficients for special cases of loading are given in Table 17 a. 
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BEAMS FIXED AT BOTH SUPPORTS. 


BEAMS FIXED AT ONE OR BOTH ENDS.— TABLE 17a. 

SPECIAL CASES. 



Note. — S ee also Table 18 for factors for beams fixed at both ends. 
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NOTES ON CANTILEVERS AND BEAMS OF ONE SPAN. 

Propped Cantilevers. 

A propped cantilever, that is, a beam fixed rigidly at one support and freely supported 
at the other, can be considered as being subject to two systems of loading: (i) the imposed 
load; and (ii) the reaction of the prop, the magnitude of which being that which gives the same 
upward deflection at the end of a cantilever as the downward deflection produced by the imposed 
load. The coefficients of the maximum deflection given in Table 16 can be used for this 
purpose if the type of load is not one of those given for the beams fixed at one end and simply 
supported at the other in Tables 17 and 17 a.. As comparative deflections only are required 
the numerical values of I and E are not required. When the reaction of the prop has been 
calculated, the shearing forces and bending moments can be computed from the basic 
definitions. 

Example. — A beam AB is rigidly fixed at A and freely supported at B. The span 
AB is 10 ft. and a concentrated load of 10 tons (= W) acts at a point 7 ft. from A. Find the 
load on the support at B and the bending moment at the support A. 

The beam is a propped cantilever and the reaction at B can be found by equating the 
deflection at B of a cantilever loaded with W, as in the second case in Table 16, to the deflec- 
tion at B of a cantilever loaded at its extremity (the first case in Table 16). The deflection 

due to W with a — — = 0*7, is X 1 - = The load at B is the 

10 6 El El 

unknown reaction Rb at this point, and the deflection of a cantilever is 

Rb X 10* 333 Rb 

3EI “ El * 

As one deflection counteracts the other, therefore Rb = 5*64 tons. The 

El El 

bending moment at A is (5*64 x 10) — (10 X 7) = — 13*6 ft.-tons, and the shearing force 
at A is 10 — 5-64 = 4-36 tons. The shearing force at B is 5-64 tons. 

Beams Fixed at Both Ends. 

The bending moment on a beam fixed at both ends is derived from the principle that 
the area of the bending-moment diagram due to the same load imposed on a freely-supported 
beam of equal span (the “ free-moment " diagram) is equal to the area of the restraint- 
moment diagram; the centroids of the two diagrams are in the same vertical line. The shape 
of the free-moment diagram depends upon the characteristics of the imposed load, but the 
restraint-moment diagram is a trapezium. For loads symmetrically disposed on the beam 
the centroid of the free-moment diagram is above the mid-point of the span, and thus the 
restraint-moment diagram is a rectangle, giving a restraint bending moment at each support 
equal to the mean height of the free-moment diagram. 

The amount of the shearing force in a beam with one or both ends fixed is calculated 
from the variation of the bending moment. The shearing force resulting from the restraint 
moment alone is constant throughout the beam, and equals the difference between the two 
end moments divided by the span, that is, the rate of change of the restraint moment. This 
shearing force is algebraically added to the shearing force due to the imposed load considering 
the beam to be freely supported ; that is, the reaction at a support is the sum (or difference) 
of the restraint-moment shearing force and the free-moment shearing force. For a sym- 
metrically-loaded beam with both ends fixed the restraint moment at each end is the same, 
and the shearing force due to this moment considered alone is zero ; therefore the resultant 
shearing forces are identical with those for the same beam freely supported, and the reactions 
both equal half the total load on the beam. 



SINGLE-SPAN FIXED-END BEAMS. — TABLE IS. 


THE LOAD FACTOFvS C m and CAN BE USED THU 5 :- 
(0 BA At SUPPORTS OF SINGLE SPAN BEAMS FIXED BOTH ENDS [see note ( 1).] 


‘ c ab l ab 


M BA a *“ C BA L AB 


VITH SYMMETRICAL LOAD M AR «M flA 


(ii) CONTINUOUS BEAMS - MOMENT DIVTMBUTION METHOD [st« noti (2)] 


SPAN -LOAD FACTORS ARE F Aft « C A8 L A8 


P BA* C BA L AB 


WITH SYMMETRICAL LOAD F A8 a Fj A 


fili) FRAMED STRUCTURES [see note( 3 )^ 

LOADING FACTORS P AND Q HAVE FOLLOWING VALUES I- 

p ae a c ab l ab Q ba s c ba l ab wh symmetrical load -C^ 


(iv) POSTAL FKAMES [5 E E NOTE (4).] 

M _ AREA OP FREE B.M. DIAGRAM r_A „ A _ A A*|_Cab + C*a. . ^_Cab + 2CbA 

" LOADED SPAN L* T °^o3L ^ H°*?H J 2 ^ ’ Z 3(Ca6 + C|a) 

DISTANCE FROM LEFT HAND OR LOVER SUPPORT TO CENTROID of FREE 8,M. DIAG. a Z * LOADED SPAN 


UNSYhMETMCAL LOADING 


SYMMETRICAL LOADING 


LOAD FACTOR 



Jff (total) 

m w 



O-IOOW 0'0®7® 

O • 105 W 0-055W 

O • 102 W O- 039 W 

0-096W 0-029 W 

o-oesW o- 020 W 





0-083 W 


o • 104W 


0 - 100 W 


OTHEPv LOADINGS can generally be considered by combining tabulated cases, thus:- 



Note 1. — See also Tables 17 and 17A. 

,, 2 . — Factors for use with Table 26 . 

,, 3 . — Factors for use with Table 46 . 

,, 4 . — Factors for use with Tables 49 and 50 ; also for continuous beams ( Table 24 ). 
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CONTINUOUS BEAMS. 

Three-moment Theorem. — Formulae in general and special cases are given in Table 19; 
the values of the factors ^ and x for use in these formulae are given in Table 18. 

When known factors relating to the load, span, moment of inertia and relative levels 
of the supports axe substituted in the general formula, an equation with three unknown sup- 
port bending moments is obtained for each pair of spans ; that is, for n spans, n — 1 equations 
are obtained containing n + i unknowns (the moments atn + 1 supports) . The two excess 
unknowns represent the bending' moments at the end supports and, if these bending moments 
are known or can be assumed, the bending moments at the intermediate supports can be 
determined. At a freely-supported end the bending moment is zero. For a perfectly fixed 
end the support bending moments can be determined if an additional span is considered 
continuous at the fixed end; this additional span must be identical in all respects with the 
original end span except that the load should produce symmetry about the original end 
support with the load on the original end span. The bending moment at the new end sup- 
port is considered to be equal to that at the original penultimate support, and thus an addi- 
tional equation is obtained without introducing another unknown. 

When the bending moments at the supports have been calculated, the diagram of the 
support bending moments is combined with the diagram of the “ free moments " and the 
resulting bending moments are obtained. 

Example. — Determine by the Theorem of Three Moments the bending moments at the 
supports of the beam in the diagram, assuming level supports. 



1» 4,000 IN . 4 I^-GjOOOin. 4 S,0~00 in, 4 


From Table 19 the appropriate formula modified for spans AB and BC (span L x — Lab, 
and L t = L B c) is 


and for spans BC and CD (span L x = Lbc and L z — Lcd) 

M b ^ + 2 M c fe + ^) + = - [U* + 

\ 1 » 1 a' J a Ua L a 


4 t (r.-*,n, 

- (I) 

I aL x J 

A a (-L 3 — ^3)“! 

I*La J 

- (2) 


For span AB, 


and £} _ 

L l 24 


IOOO x IO a 


= 4170 ft. -lb. 


g x ~ ~L X \ thus = — X 0-0025 ~ 0*00133. Hence = 4170 x 0-00133 = 5-55. 

For span BC. ^ _ JLL. _ 0-0025. and dl = SiH = »JS° * *3* _ *8,125 ft.-lb ; 

I a 6000 L 2 12 12 

X X La La — Za 

-X — as — 5 = 0-5 X 0-0025 = 0-00125. 

1 % 21 x 1 % 

Hence TjL % 5=8 ^ ^ *** “ 28 - I2 5 x 0-00125 = 35-156. 

For span CD, L 1 J!L - o'oo** and p = = H °° X _ 12 . a _ J20Q ft .. lb . ; 

I» 5000 L # 24 24 ' * 15 

thus -A- — X 0-0024 =3 0-00128. Hence 8 T — ~ **» 7200 X 0-00128 = 9-21. 

If the beam is simply supported at A and D, Ma = M B = zero, and substituting known 
values in (1) and (2), 


— = = 0-5 x 0-0025 = 0-00125. 
— 28,125 X 0*00125 B 35-I56. 


= 28,125 ft.-lb ; 


7200 ft.-lb.; z z = -t-L z : 


>•00128 sax 9-21. 


2Af B (o-oo25 + 0-0025) -f o-oo25M c — — ( 5*55 + 35*i6)6 . . . (3) 

0-0025 M b -F 2M <7(0-0025 + 0-0024) ** — (35*16 -F 9-21)6 . . . (4) 

Thus o-oiooiWa -F o-oo2 $Mq = — 244 ...... • (5) 

0-002 $Mb -F 0-0098Afc = — 266 (6) 

Multiplying (6) by — 41 o-oiooM fl + 0-0392^0 — — 1064 • • . (7) 

{Continued on page 174.) 



NON-UNIFORM MOMENT OF INERTIA SPECIAL CASES | GENERAL EQUATION 


CONTINUOUS BEAMS: THREE-MOMENT THEOREM.— TABLE 13. 





M.or I cu eve 




TREAT tACH CONSECUTIVE PAIR OF 
SPANS THUS I— 



ON THE SPANS DRAWN TO SCALE , CONSTRUCT THE FREE— MOMENT CURVES 
AND THE MOMENT OF INERTIA CURVES . DIVIDE THE ORDINATES OF THE FORMER BY THOSE 
OF THE LATTER TO ENABLE THE CURVES OF FREE fc-M . TO BE DRAWN . 

FIND A ab ” area UNDER — ‘CURVE FOR SPAN Lfa AND POSITION OF CENTRO© 6f 

A NO “ " " n p Lbc * « H • G2 

SETUP AO, BE, AND CFTOA SUITABLE SCALE TO REPRESENT ANV ASSUMED 
VALUES OF THE MOMENTS AT A, B ,& C RESPECTIVELY. CONNECT D6,AE,eC, ft* BH. 

LET Ma **k A AD Me>»ke,BE M c « k c CF. 

OlViOtt THE OROtNATES OF DBF AND AtC BY THE OROlNATES OF THE M.OF I. CURVE 
TO GIVE THE CURVES AHC AND GBJ. 

Find Av =* Area under curve GB and position of centroid Gv 
Ax » « « * AH ■ * « " fcx 

Ay « » " « HC ■ ■ • ■ Gy 

And A Ut m ■ “ « 5 j • n * * Gu 

5u66T,TUT * ,N 0« z , + k A vA v + -CVi+Kc A 0 w + Wj' 

UNKNOWNS ARE k A, Kfi.fc k c AND REQUISITE NUMBER OF EQUATIONS FOLLOWS 
FROM CONSECUTIVE RS OF SPANS AND CNO SUPPORT CONOlTlONS • 


APPROXIMATE METHOD. 


CALCULATE B.M.S.FOR UNIFORM 
MOMENT OF INERTIA AND 
INCREASE OR DECREASE 
0Y THE APPROPRIATE 
PERCENTAGE TABULATED. 
!*• M.OF I. AT SUPPORT 
" MIDSPAN 


BOTH ENO$ JMIOSPAN 
FIXED 


Support 


midspan 


lEEarenisanrag 
IBEBEEmaEBZ m 
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CONTINUOUS BEAMS {continued from page 172). 

Subtracting (5) from (7): 0-0367 Me ■» — 820; hence Me ■« — 22,400 ft.-lb. 

By substituting in (5): o*oiqqMb ** — {244 — 56) 1=5 — I 9°»‘ hence Mb =» — 19,800 ft.-lb. 

Non-uniform Moment of Inertia. — When the moment of interia is practically uniform 
throughout each span of a series of continuous spans, but differs in one span relative to an- 
other, the general expressions for the Theorem of Three Moments, the formulae for which are 
given in Table 19, are applicable as in the example above. When the moment of inertia 
varies irregularly within the length of each span the semi-graphical method given in Table 19 
can be used. The moments of inertia of common reinforced concrete sections are given in 
Tables 64, 65 and 65A. 

If the moment of inertia varies in such a way that it can be represented by an equation^ 
the Theorem of Three Moments can be used if for M is substituted -y and if the area of the y 

diagram is used instead of the area of the free-moment diagram. The solution of the derived 
simultaneous equations then gives values of the support bending moment - 7 - I, enabling a 

complete y diagram for the beam to be constructed from which the bending moment at any 

1 M 

section is readily obtained by multiplying the appropriate ordinate of the y diagram by 

the moment of inertia at the section. 

When circumstances do not permit the foregoing methods to be used, the bending 
moments can be calculated on the assumption of uniform moment of inertia, and an approxi- 
mate adjustment can be made for the effect of the neglected variation. An increase in the 
moment of inertia near a support causes an increase in the negative bending moment at 
that support and a consequent decrease in the positive bending moments in the adjacent 
spans, and vice versa. As a guide in making the adjustment the approximate factors given 
in Table 19 represent a percentage addition to, or deduction from, the calculated bending 
moments. 

Incidence of Live Load to Produce Maximum Bending Moments.— The values 
of the bending moments at the support and in the span depend upon the incidence of the 
live load, and for equal spans or with spans approximately equal the dispositions of live load 
illustrated in Table 20 give the maximum positive bending moment at midspan, and the maxi- 
mum negative bending moment at a support. The B.S. Code recommends the incidence of 
live load to be less severe, since when calculating the maximum negative bending moments 
at any support only the spans immediately on either side of the support under consideration 
need be loaded. This affects only the coefficients for four or more continuous spans and the 
reduction is commonly much less than 5 per cent. 

Positive and Negative Bending Moments in the Span. — When the negative bend- 
ing moments at the supports of a continuous beam have been determined, the positive bending 
moments on a loaded span can be determined graphically or, in the case of a uniformly- 
distributed load, by means of the expressions in Table 20. 

Beams and slabs, such as those in bridge decks, where the ratio of live load to dead load 
is high, should be designed for a possible negative bending moment occurring at midspan. 
Formulae for the approximate evaluation of this bending moment, which apply if the lengths 
of adjacent spans do not differ by more than 20 per cent, of the shorter span, are given in 
Table 20. These formulae make some allowance for the torsional restraint of the supports. 

Shearing Forces. — The variation of shearing force on a continuous beam is determined 
by first considering each span as freely supported and algebraically adding the rate of change 
of restraint moment for the span considered. Formulae for calculating the component and 
resultant shearing forces are given in Table 20. The shearing force due to the load can be 
determined from statics. The shearing force due to the restraint moments is constant 
throughout the span. 

Approximate Bending- moment Coefficients. — The bending-moment coefficients in 
Table 20 apply to beams or slabs (spanning in one direction) continuous over three or more 
spans. The coefficients given for end spans and penultimate supports assume that the beam 
or slab is nominally freely supported on the end support. The coefficients given for the dead 
load and live load separately on beams and slabs conform to the recommendations of B.S. 
Code No. 1 14; the corresponding coefficients for total load are calculated for various ratios 
of live to dead load. The coefficients given for slabs only, without splays, are values commonly 
assumed and apply to the total load on a slab spanning in one direction ; they take into account 
the fact that the slab is partially restrained at the end supports because of monolithic con- 
struction. If the slab is provided with splays, of sizes not less than indicated in the diagram, 
the positive bending moments are decreased and the negative bending moments increased; 
suitable coefficients for tibia condition are also given in Table 20. 



CONTINUOUS BEAMS: GENERAL DATA. — TABLE 2Q. 


INCIDENCE OF LIVE LOAD 
POSITIVE B. M. ON SPAN ST. 

TO PRODUCE MAXIMUM ^^OPTl ,0NAL O O y 0 ™ 

NEGATIVE B.M. MSSjjjSSsL prrrTfffTTl^ fZBjjfinai 

AT SUPPORT S. f A 5 5 o 

B. S. CODE. — '=' 

LOAOS ON SPANS RS AND ST ONLY NEED BE TAKEN INTO ACCOUNT. 


UNIFORMLY- DISTRIBUTED LOAD US ON SPAN ST 


MAX. POSITIVE B.M. ON SPAN ST. 

M _ JiLT W ST "* ^TS . r - - 

MAX 2 L in + — J M ST FT LR 

IF US IS IN LB./FT. ; B. Ms. MUST BE IN FT.- LB., 
AND L st MUST BE IN FT. 

x »4st + Mst - M t5 / ft n 


FREE 0.M. 
DIAGRAM 


ilHI 


NEGATIVE B. M. ON UNLOADED SPAN ST. 
(between TWO LOADED SPANS) 

M N60”( kW L- W d) ^ FT. LB. 

W L * LIVE LOAD T LB /FT. FOR BEAMS. 

U) D » DEAD LOAD J L8./5Q. FT. FOR SLABS, 
FOR BEAMS : k- § FOR S LABS *. K * £ 


HilliliiiiiiiiiiH 


— (w-qo 

out TO END RESTKAINT. Q„- 


RESULTANT 5 HEARING FORCES 


RESTRAINT (if any) \L 
S.Ms. SHEARING FORCE 
c DIAGRAM 



Q s = Q; + Q h Q t -(q;- eg no«.-,pm t5 >M ST) q Ml 5N«G 


UNIFORMLY- DISTRIBUTED LOAD ON EQUAL SPANS B.M.* (COE FP)x (TOTAL LOAD) X L 


APPUCADLETOTHREE OR MORE SPANS, 


COEFFICIENTS APPLY ALSO TO 
UNEQUAL SPANS IF I N EQUALITY 
DOES NOT EXCEED 15 PERCENT. 
OF THE SHORTEST SPAN. 
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CONTINUOUS BEAMS: EQUAL SPANS. 

Note on Table 21 . — The coefficients in Table 21 for bending moments at supports due 
to incidental live load are for alternate spans loaded including the two spans immediately 
adjacent to the support. The corresponding coefficients given in brackets are for the two 
spans immediately adjacent to the support only loaded. 

Examples of Use of Tables 20 and 21. 

(a) Calculate the maximum bending moments at the middles of the end and central 
spans and at the penultimate and interior supports of a beam continuous over five equal 
spans of 15 ft. each if the dead load is 600 lb. per ft. and the live load is 1200 lb. per ft. 

(i) From Table 21 (using coefficients for all alternate spans being loaded): 

Penultimate support: Dead load: 0*105 X 600 X 15**= 14,200 ft.-lb. 

Live load: 0*120 x 1200 x 15* ==* 32,300 „ 

Total (negative) = 46,500 

Interior support: Dead load: 0*080 x 600 x 15* = 10,400 ft.-lb. 

Live load: o*iii x 1200 x 15* ■* 29,900 ,, 

Total (negative) «= 40,300 „ 

Middle of end span : Dead load: 0*078 x 600 x 15*= 10,250 ft.-lb. 

Live load: o*ioo x 1200 x 15* = 27,000 „ 

Total (positive) = 37,250 

Middle of interior span : Dead load: 0*046 x 600 x 15* = 6,200 ft.-lb. 

Live load: 0*086 x 1200 X 15*= 23,200 ,, 


Total (positive) = 29,400 ,, 

(ii) By means of Table 20, using the coefficients recommended in the B.S. Code. 
Ratio of live to dead load, = 2. Total load <= 1200 + 600 = 1800 lb. per ft. 

Penultimate support: — x 1800 x 15* = 43,500 ft.-lb. (neg.) 

Interior support: ^ X 1800 x 15* = 41,300 ,, (neg.) 

9*5 

Middle of end span: + X 1800 x 15* = 38,200 „ (pos.) 

Middle of central span: — x 1800 x 15* = 28,100 ,, (pos.) 

14*4 


(b) Solve, by means of Table 21, Example (a) opposite Table 25. 

Bending moment at penultimate support of a beam continuous over four spans: 


Dead load: 0*107 x 1000 x 15* — 24,100 ft.-lb. 
Live load: 0*181 x 10,000 x 15 = 27,200 ,, 


Total (negative) 


5 L 3 °° 



CONTINUOUS BEAMS: EQUAL LOADS QN EQUAL SPANS. — TABLE 21. 


, L I VE LOAD 

("sequence of loaded spans to give 

MAX. B. M. OR S . F 



BENDING MOMENT * (COEFFIC1 ENT)*(TOTAL LOAD ON ONE 5PAN)x(SPAN). 

SHEARING FORCE ■ (COEFFIC1 ENT) *(TOTAL LOAD ON ONESPAN). 

8 M. COEFFICIENTS A80V6 LINE APPLY TO N EGAT1VE ' B. M. AT SUPPORTS. 

BELOW * POSITIVE B.M. IN SPAN. 

S. F. COEFFICIENTS ABOVE •> •» ■ S. F. AT RIGHT-HAND SIDE OF SUPPORT. 

BELOW « •« «» S. F. AT LEFT -HAND » « « 

COEFFICIENTS APPLY WHEN ALL SPANS ARE EQUAL (OR LONGEST 15^ MORE THANSHOK 
LOADS ON EACH LOADED SPAN ARC EQUAL. 

MOMENT OF INERTIA SAME THROUGHOUT ALL SPAN 5, 

B.M. COEFFICIENTS(LIVB LOAD) IN BRACKETS APPLY IF TWO SPANS ONLY ARE LOAOEP. 


1 77 














TABLE 22. — CONTINUOUS BEAMS: BENDING-MOMENT DIAGRAMS. 
TWO AND THREE EQUAL SPANS. 
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CONTINUOUS BEAMS: BENDING-MOMENT DIAGRAMS.— TABLE 23. 

FOUR OR MORE EQUAL SPANS. 
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NOTES ON TABLES 24 AND 25. 

Graphical Determination of Bending Moments by Fixed Points. — A graphical 
method of determining the bending moments on a continuous beam is given in Table 24. 
The basis of the method is that there is a point (termed the “ fixed point ") adjacent to the 
left-hand support of any span of a continuous system at which the bending moment is 
unaffected by any alteration in the bending moment at the right-hand support. A similar 
point occurs near the right-hand support, the bending moment at this point being unaffected 
by alteration in the bending moment at the left-hand support. When a beam is rigidly 
fixed at a support the “ fixed point " is one-third of the span from that support; when freely 
supported the fixed point coincides with the support. For intermediate conditions of fixity 
the ** fixed point " is between these extremes. In two continuous spans, L x and L z , if the 
distance from the left-hand (or right-hand) support to the adjacent fixed point is l x , then the 
distance l % from the left-hand (or right-hand) support of span L % to the adjacent fixed point is 

1 _ *■»*•» - <0 

* " 3(Li + l,)(l , - - z .*- 

Alternatively l t can be found from l x by the graphical construction shown in Table 24. Upon 
combining the free-moment diagram with the position of the fixed points for a span, as 
described in Table 24, the resultant negative and positive bending moments throughout the 
system, due to the load on this span, can be determined. By treating each span separately 
the envelopes of the maximum possible bending moments throughout the system can be 
drawn. 

Bending Moments on Equal and Unequal Spans. — The factors in Table 25 apply 
to the calculation of the support moments for beams with uniform moment of inertia and 
continuous over two, three, or four equal or unequal spans, and carrying almost any type or 
incidence of live and dead loads. The basis of the method is that the load on any span of 
a given system can be divided into one or more of the types shown in Table 25. Other types 
of loading can be allowed for thus : partially-distributed load at one end of span gives coefficients 
between those for (a) and (e) ; three or more equal concentrated loads give coefficients between 
those for (a) and (e). 

[Note. — The references to the types of load are: Type a. — Uniformly-distributed load. 
Type b . — Triangular load with apex at centre. Type c. — Triangular load with apex at left- 
hand support. Type d. — Central concentrated load. Type e. — Concentrated loads at each 
of one-third points.] 

A given beam system can be divided into a series of identical systems each with only 
one span loaded with one type of load. Each of these loads produces a bending moment at 
each support, the total bending moment at any support being the algebraic sum of the moments 
due to each type of load. When the support moments are known, the mid-span moments 
can be calculated or determined graphically therefrom. 

For equal spans the bending moment at any support due to any one span loaded with 
any one type of load is given by Ms = load factor (F) x support moment coefficient (0) x total 
load ( W) X span ( L ). The total moment at any support is HM s . 

For unequal spans the method is similar to that for equal spans, except for the introduc- 
tion of the moment-multiplier, U, which varies with the support being treated and for the 
particular span loaded, and depends on the ratio that each span bears to the basic span. 
Thus for unequal spans Ms = UFQ • WL. 

If one type of load extends equally over all spans of a system of equal spans, the beam 
need not be divided into separately loaded spans, as the values of Q tabulated for this condition 
apply. 

Examples of the use of Table 25 are given on the page facing the table. 



UNIFORM MOMENT OF INERTIA. 



leftThand 

END SUPPORT 



(a) TO DETERMINE THE POSITIONS OF THE FIXED POINTS. 

O') UNEQUAL SPANS ^GRAPHICAL METHOD) 

DRAW THE BEAM ABCD ... TO SCALE. 

PLOT THE P05ITI0N OF THE FIXED POINT F| IN LEFT-HAND PART OF SPAN AB. 

IF THE BEAM IS FREE LY SUPPORTED AT A, F, IS AT A . 

IF THE BEAM IS FIXED AT A, f, «* 0-333 Lj . 

SETUP VERTICALS THROUGH THE THIRD POINTS OF EACH SPAN. 

SETOFF BE »X2.« 0‘333([L2- Lj); CE'*Xj - 0-333 (U-Li) ; DE"-aU«0'333(i 4 'L 5 , )BC 
AND SET UP VERTICALS THROUGH E,E', E" ETC. ' 

Of L n+I > L n , DC IS NEGATIVE and should be set off on left-hand side 

OF SUPPORT, FOR EXAMPLE AS 0C 3 ) 

DRAW GEJ AT ANT 1 CONVENIENT ANGLE THROUGH E. JOIN Fj G AND PRODUCBTO 
INTERSECT VERTICAL THROUGH B AT H . JOIN HJ, INTERSECTING BC AT F^ WHICH 
IS THE FIXED POINT IN THE LEFT-HAND PART OF SPAN BC. 

REPEAT THE CONSTRUCTION IN SPANS CD, D E , ETC., WORKING TO THE R10HT-HAHD END 
OFTHE BEAM THEREBY ESTABLISHING THE LEFT-HAND FIXED POINTS ETC. 

COMMENCE AT THE EXTREME RIGHT-HAND SUPPORT, AND REPEAT THE CONSTRUCTION 

WORKING TO THE LEFT-HAND END OP THE B EAM t THUS ESTABLISHING THE POSITION 
OF THE RIGHT-HAND FIXED POINTS, F,* t F*, Fj, ETC. 

(ii) UNEQUAL SPANS (^ALGEBRAICAL METHOD). 

IF THE DISTANCE OF THE LEFT-HAND FIXED POINT IN THE END SPAN AB IS KNOWN (ef,), 

THE POSITION OF THE LEFT-HAND FIXED POINT IN SPAN BC IS 

x„ „ L 2 C li ~fi) __ c = Ln+ifl-n^-frQ 


3CL+l.2X>-|-»0-l? 

(iii) equal spans. (u t L2.« l 3 , e 


or generally. 




Qnij equal spans. «. 12 .* l 3 , etc. « t_) 

DISTANCE OF FIXED POINTS • -f| fz *fj f+, ETC- 

BEAM FREELY SUPPORTED AT At O 0*200L 0*2ltL 0*2.11 L 

BEAM FIXED AT A: 0*333L 0*200 L 0*2fZL 0*Z>tL 

(b) TO DETERMINE TRE B E NOING MOMENTS . 

DRAW THE BEAM ABCD.... TO SCALE AND MARKTHE POSITIONS OFTHE FIXEO 
POINTS Fj, F,', Ffc, F t ! ETC. 

SET UP BK ANO CN AT THE SUPPORTS OP THE LOADED SPAN. 

CN * Z-l) . F0R SYMMETRICAL LOAD BK»CN« 

At» ARE^K OF FREE-MOMENT DIAGRAM? 2-t a DISTANCE OP CENTROID OP RfcFRQM B- 


JOIN KC and BN; DRAW LINE PR THROUGH INTERSECTIONS WITH VERTICALS 
THROUGH Ffc AND F^. . 

COMPLETE B.M. DIAGRAM CSHOWN SHADEO) 8Y DRAWING PF| PRODUCED,, ANO f\F 5 ,ETC. 
REPEAT FOR OTHER LOADED SPANS AND COMBINE DIAGRAMS TO GIVE TOTAL B.MS. 


For values of ~j\’ =xa Cab for BK and Cba for CJV) and *(«* x x L) t see Table 18. 
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EXAMPLES OF THE USE OF TABLE 25 . 

(a) Find the maximum bending moment at the penultimate support of a beam continuous 
over four equal spans of 15 ft. carrying a uniformly-distributed load of 1000 lb. per lin.-ft.; 
a live load of 10,000 lb. can occur at the centre of one or more of the spans simultaneously. 

The maximum bending moment occurs when the first, second, and fourth spans are loaded 
with the concentrated load. Dividing the total load into single-span loads: 

Support 

Load factor moment Product 
Load == W. Span. ( F ). coefficient ( Q ). ( FQW ). 

Uniformly distributed All spans i*oo — 0*107 — 1605 

W « 1000 x 15 — 15,000 lb. 

Concentrated load W = 10,000 lb. . . 1st span 1*50 — 0*067 — 1000 

Ditto. ...... 2nd span 1*50 —0*049 — 740 

Ditto. ...... 4th span 1*50 —0*004 — 60 

ZFQW = - 3405 

Bending moment — Lx SFQW — — 3405 x 15 = - 51,075 ft. -lb. 
It is seen from the table that these results are the maximum, because if the third span is 
loaded a positive bending moment is introduced that reduces the total negative bending 
moment. 

( b ) Find the bending moment at the centre of the central span of three continuous spans 
of 10 ft., 15 ft. and 10 ft. respectively. The load on the central span is a uniform dead load 
of 7000 lb. per lin.-ft. and on each of the end spans the load is triangularly distributed, being 
6000 lb. per ft. at the inner supports and zero at the outer supports at which the beam is 
freely supported. (This type of load occurs in a rectangular tank when the counterforts, 
tied in at the top, are continuous with the beams of the suspended bottom.) 

First determine the bending moment at the inner supports by dividing the load into 
a series of loads on one span at a time and evaluating the corresponding products WL. Owing 
to symmetry the bending moments at each of the interior supports are equal. 

. length of span , . end span 10 

k = — - — A, = k a = — = — = 0-67 

base span . * middle span 15 ' 

x — y — o*6 7 -f 1 = 1*67 

H a - —A = 0*493. 

(4 x 1*67 x 1-67) — 1 

For 1st span loaded: Uc = 3 X 0*67* x 0*493 — 0*663 

U B — o*5 x 1*67 x 0 663 = 0*555 

For 2nd span loaded- Uc{— Ub owing to symmetry) = 0*493(1*67 + 0*67) = 1*15 

For 3rd span loaded : Owing to symmetry Uc = 0*555; Ub — 0*663. 

Load factor x Moment 

Support moment multiplier Product 

Load (W) Span. coefficient { FQ ). (U). ( FQUWL ). 

Triangularly distributed 3rd + 0*018 Ub — 0*663 + 5370 ft. -lb. 

(apex at left-hand sup- 
port) 

W — 6000 x 10 x 0*5 
— 30,000 lb. 

Uniformly distributed 2nd i*oo x (— 0*050) Ub — 1*15 — 90,500 „ 

W = 7000 x 15 L = 15 ft. 

= 105,000 lb. 

Triangularly distributed 1st — 0*071 Uc for 3rd span — 17,740 

(apex at right-hand loaded = 0*555 

support: therefore re- 
verse system) 

W mm 30,000 lb. 

Net bending moment at inner support = — 102,870 ft.-lb. 
Free bending moment at mid-span = ? 000 * m I9 y 000 ft.-lb. 

O 

Less negative bending moment at mid-span = 102,870 „ 

Net positive bending moment at mid-span =* 94,130 ,, 



CONTINUOUS BEAMS: UNEQUAL SPANS AND LOADS*— TABLE 85, 

UNIFORM MOMENT OF INERTIA.' 


NOTES : OtVtOC StVRN MAM SYSTEM INTO A NUMBER OP WMlLAR 

SYSTEMS EACH HAVIN& ONE SPAN UOAOCO WITH A PARTICULAR TYPE OP 
LOAO. TO PINO THE B.M. AT ANY S UP POR T OUB TO ANY ONE OP THESE 
LOADS. EVALUATE THE POLLOWINE FACTORS POE THE PARTICULAR SUPPORT 

an© type op load:- i 

LOAO PACTOR ■ T ( ® UNITY POE OISTRlSUTED LOA©). 

SUPPORT MOMENT COEFFICIENT m Q. 

MOMENT MULTIPLIER m U (m UNITY POR EQUAL SPANS). 

B.M . AT SUPPORT ■ FQU X W X $A&e SPAN . 

NOTE OH TRlANQULAR.LV OISTRlSUTED LOADS t P6R USE THE VALUE 


| 1*00 |«I2SWL 




LOADED SPAN 


m 


Both spans loaded 

WITH IDENTICAL LOAD . 


■ ian- : ; 

s^S3SESS3SS 

5223 1 


equal spans 
Isuppx m t . coepp™ 


1*60 


I *33 


UNEQUAL SPANS. 
MOMENT MULTIPLIERS » U 



II M. 

2 

U B 

1 ■+* ki 

If 

2kf 

U 6 

l+ki 



SEE NOTE BELOW POR UNEQUAL SPANS 
simultaneously LOAOEO. 



u b" *5yUc 
U c - Skf M 


U B - + 

U c « H(x+k|) 


-x * k,-H 

i) - k 2 +i 

H — 5 - 

4xy -I 


All spans loaded with 
IDENTICAL LOAO . 


POR TWO. THREE* OR POUR UNEQUAL SPANS 
LOAOEO SIMULTANEOUSLY DETERMINE 5.MS.VD* 
EACH SPAN LOADED SEPARATELY ANO ADO. 






x - k,+i 

y e ICi+kg 

z - k at k s 
H,-l4k,Y 

H z »4-e7|c^i'(v+|') 

M 4 -l4k t ,Y 


see note 

ABOVE 


ALL SPANS LOADED WITH 
IDENTICAL LOAD « 
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MOMENT DISTRIBUTION APPLIED TO CONTINUOUS BEAMS. 

The notes which follow explain the basis of the formulae and other data given in Tables 26 
to 30. 

The symbols used are given in Table 26. The span-load-factor F is the numerical value 
of the bending moment produced at the end support of a span L by the load on that span, 
assuming the beam to be perfectly fixed at both ends. For equal spans, arithmetical work 

is saved by considering only the load-factor C, ^ = values of which are given in Table 18 

for common cases of unsymmCtrical and symmetrical loads; note that F =* CL. 

The distribution factor D is derived from the relative stiffness of two adjacent spans 
meeting at a support; for prismatic beams the stiffness of each span is proportional to the 
moment of inertia of the beam divided by the span. Consider any two continuous spans 
ST and TU having span lengths of Lst and Ltu respectively. If the moment of inertia of 

span ST is 1 st and of span TU is Itu> the stiffness factor of span ST is ----- and of span TU 

Lst 

is j£ 1 L' if a knife-edge support is assumed at support T, the sum of the distribution factors 
Ltu 

at this support is unity. The distribution factor of span ST at support T is 

Dts = 


1 + 


ItuLst 


LtuIst 

and the distribution factor of span TU at support T is 


Dtu 5=8 f- — - — , that is, Dts = i — Dtv> 

! IstLtu 
LstItu 

Since only the ratio of the stiffness factors is involved, it is not necessary for I and L to 
be in the same units, and it is usually more convenient for I to be in in. 4 units and L to be 
in feet. Values of / for various sections, but omitting the effect of the reinforcement, are 
given in Table 64. 

At the end support A of an end span AB the distribution factor Dab is zero when the 
beam is fixed at A and unity when freely supported at A. A cantilever beyond an end support, 
or a bending moment applied externally at an end support, is considered in Table 31, but 
for assessing the distribution factors in such cases the end span should be treated as freely 
supported at the end support. 

Basic Formulae. — By moment-distribution operations to the extent of two distributions 
and one carry-over, the bending moment Mt at the support T of the series of continuous 
spans . . . RS, ST, TU, UV ... is given by the expression at the bottom of Table 27. 

Contrary to the usual signs for moment distribution, the signs in this expression are 
such that a bending moment producing “ concave downwards " deformation is considered 
as negative and the reverse as positive; as these signs conform to the normally-accepted 
convention for continuous beams and there is therefore no need to adopt a new conception 
for negative and positive bending moments. The substitution of the numerical values of 
the load-factors (or span-load-factors) in the formulae gives the correct sign to the bending 
moment at the support. 

From the fundamental formula for M T , the basic formulae for end supports (when fixed), 
penultimate supports, and any interior supports in systems of two, three, four, five, or more 
spans, are derived by considering which spans are eliminated and what effect the conditions 
have on the distribution factors. The basic formulae given in Table 26 are the foundation 
of all the expressions in Tables 27 (two spans), 28 (three spans), 29 (four spans), and 30 (five 
or more spans). 

An example of the direct use of the formulae in Table 26 is given on page 188. 
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SUPPORT 

APPLICATION 

FORMULA FOR B.JM. AT SPECIFIED SUPPORT. 

ca 

END SUPPORT A 

TWO OR MORE 
SPANS 

FIXED AT A 

~ f as 

Z*( f ba~ f bc) 

Ma 

END SUPPORT C 

TWO SPANS 

ONLY 

FIXED AT C 

~ *CB 

~^r(hc~h,) 

"c. 



FREE AT A 
tf C 

_ Dac 

T 

fat 5 a+ f as)-^ f bc+ f c») 

*65 

CENTRAL 
SUPPORT B 

TWO SPANS 

ONLY 

FIXED AT A 
FREE AT C 

-DecV- ^ (* f bc +f cb) 

Me* 


FIXED AT A 
ts C 

“ »bc f ba — d ba^bc 


M B 5 

PENULTIMATE 
SUPPORT B. 

THREE OR 

FREE AT A 

_2b& 

2. 

(i^+ F AB)"X 

d cb(F :d " Fcb)] 

M »2 

MORE SPANS 

FIXED AT A 

- d bc f ba" 

d cb( f cd“ f cb)] 

M e, 

PENULTIMATE 

THREE SPANS 

FREE AT D 

- 2cs 
2 

^cd+Fdc)-^! 

^CB- D Bc( F BA- F Bc)J 

He, 

SUPPORT C. 

ONLY 

FIXED AT D 

-D CB F CD -2a[zF CB - 

D Bc( F BA” Fbc)] 

Me, 

END SUPPORT D. 

THREE SPANS 
ONLY 

FIXEDA 7 D 

- f dc“ ! £ 2 ( f cd- f cb) 

*D 3 

PENULTIMATE 

FOUR SPANS 

FREE AT E 


5 f dc” d cd (Fcb” f cd)] 

Moj 

SUPPORT D. 

ONLY 

FIXED AT E 

-Rc 

f de“ ^[ 2f dc- 

D Cd( F C6 -F cd)] 


END SUPPORT E*. 

FOUR SPANS 

ONLY 

FIXED AT E 

~ f ed 

- ^•( F DE~ F t>j) 

M e 

INTERIOR 
SUPPORT C. 

FOUR OR MORE 
SPANS 

- 

— 

2. 

«cb -^- f 4 

^t[Pcd“ ^ > dc( f de'’ 

Mcj 

PENULTIMATE 
SUPPORT B. 

TWO OR MORE 

SPANS 

wnr 

EXTERNALLY 
APPLIED HEG. 
B.M. Mp 

AT A. r 

MOTE*.- 

. M D^ IF Mp IS POSITIVE, 

+ M P '-£* B. M. AT B ** 
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ABC ABCD ABCDE 

SUPPORT REFERENCES * * * * * * * * * * * * 

SYMBOLS-.- Lab** span A-B, etc. I AB; ftc,- moment of inertia of section in span A-B, etc. 

D BA, D 6C,ETC. - DISTRIBUTION FACTOR AT 5UPPORT B FOA 5 PAN 5 AB AND BC, ETC. D BAk + 1 

“ " * . j 


F. a F a * ETC. » SPAN- LOAD FACTOR AT AtfB FOA LOAD ON SPAN A-B ETC. n 

AB, BA, * NUMERICAL VALUE OF B.Mi. AT A tf B OUE TO LOAD ON A-B ONLY U tk 

ASSUMING FIXITY AT BOTH ENDS OF SPAN. 


Ia*U 


n^uninu riMU pa \ ouin tnuj wr arnn* / v t 

“ W C AB , U AB * COHERE C AB , ETC. -LOAD FACTOR t S£B NOT£ BEL0W ) + I^L 


GENERAL FORMULA FOR ANY SUPPORT T 


R S T U V 
x 


M t— T^K" Of. ( F sa~ D ut( f W - F ut)] 


M, 


Note. — For values of factors Cab, etc., and Fab, etc., see Table 18. 

For modified formulae for special conditions, see the following tables. 
Two spans: Table 27. Three spans: Table 28. 

Four spans: Table 29. Five and more spans: Table 30. 
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MOMENT DISTRIBUTION APPLIED TO CONTINUOUS BEAMS. 

Formulas for Special Cases. — In practical design conditions are often such that one 
or more of the variants in the general case may be a constant resulting in simplification of 
the formulae for bending moments at supports. If the load on every span is symmetrically 
disposed the span-load-factors for each support of any one span are equal. The condition 
of equal spans has little effect on the formulae unless accompanied by some other constant 
factor. Thus the common case of equal spans with uniform section throughout all spans 
means that the stiffness factors for each span are identical at any interior support; the dis- 
tribution factors are therefore equal on either side of the support, and each distribution 
factor is 0*5. Also, since the spans are equal, the load-factor can be used in place of the 
span-load-factor, and the numerical value of the length of the span is an overall multiplier. 
The common combination of symmetrical loading, equal spans, and uniform section throughout 
all spans combines the foregoing simplifications, and the modified expressions for these special 
cases are tabulated in Tables 27, 28, 29 and 30. 

A condition that frequently occurs, for example in bridge girders, is that of symmetrical 
inequality of spans accompanied by symmetrical inequality of section, in which case there 
is equality of some of the distribution factors; the modified expressions for this condition in 
some systems are given in Tables 27 to 29. Symmetrical inequality of spans and section 
may be accompanied by symmetrical load, with further simplification of the formulae also 
as given in the tables. 

Incidental Loading. — The basic formulae and the derivatives therefrom for special 
cases assume that all spans are loaded. Should any span not be loaded, zero must be sub- 
stituted for the span-load-factors or load-factors for the unloaded span, and from this operation 
the formulas for incidental loading are evolved to determine maximum bending moments 
at supports and in the spans due to various incidences of live loading. The sequence of spans 
which should be loaded to produce the maximum negative or positive bending moments is 
indicated m Table 20. 

Condition at End Supports. — The special formulae apply to the three conditions at end 
supports, namely, free support at both ends of the system of spans, free support at one end 
and fixity at the other, and fixity at both ends. The condition of partial restraint at one or 
both supports is dealt with in Table 31 and the page facing that table. 

Application of Tables. — A problem is dealt with in the following stages. 

(1) Select the table which applies to the given case as regards number of spans and 
support conditions at the ends. 

(2) Select the group of formulae applying to the problem as determined by any condition 
such as symmetrical loading, equal spans and uniform section, symmetrical inequality of 
spans, etc. 

(3) Except in the case of uniform section throughout all spans, determine the moment 
of inertia of the section in each span and therefrom the stiffness factors for each span. Cal- 
culate only those distribution factors required for the group of formulae applicable. 

(4) Calculate the span-load-factors (or the load-factors if all spans are equal), using 
Table 18, for dead and live loads separately. Only those factors required for the group of 
formulae which are applicable need be calculated. 

(5) By direct substitution in the “ all-spans-loaded ” formulae determine the bending 
moments at the supports for dead load only. 

(6) By direct substitution in the appropriate “ incidental-load ** formulae determine 
the bending moments at supports for live load only. 

(7) If there is an externally-applied bending moment at one or both end supports, cal- 
culate the bending moments at the supports due thereto separately for dead and live load 
from Table 31. 

(8) Algebraically add the results from (5), (6) and (7) to give the net bending moments 
at the supports; combine them with the free bending moments if the bending moments in 
the spans are required. 

An example is given on pages 188, 190 and 192 [Example (6)]. 



CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 27. 

TWO SPANS. 



Note. — F or notation, see Table 26. 
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MOMENT DISTRIBUTION APPLIED TO CONTINUOUS BEAMS (continued). 

Examples. — (a) Determine the bending moments at the interior supports of the beam 
on page 172, by means of the formulae in Table 26. 

JDbc = 40 oo x " : f 5 “ °’ 5 1 therefore Dba = 1 “ q, 5 = 0 - 5 . 

1 6000 X 10 


Dcb 


From Table 18, 


1 

1 , 5000 X~i 5 
6000 X 12 


0*49; therefore Dcd — 0*51. 


Cba. =* 0*100 x 1000 x 10 x 0*5 = 500; 

Cab — 0*067 X 1000 X 10 x 0*5 — 333; 

Cbc = Ccb = 0*083 X 1500 x 15 = 1875; 
Ccd — 0*100 X 1200 X 12 X 0*5 — 720; 

C D c — 0*067 X 1200 X 12 X 0*5 *= 480; 


Fba — 500 x 10 = 5000 ft.-lb. 

Fab = 333 X 10 = 3330 ft.-lb. 

F B c = F C b = 1875 x 15 = 28,125 ft.-lb. 
Fen = 720 x 12 = 8640 ft.-lb. 

F DC — 480 x 12* 5760 ft.-lb. 


From Table 26, at interior support B (three spans, free at A): 

Bending moment = — o*25[(2 x 5000) -f 3330] — o*25[(2 x 28,125) — 0*49(8640 — 28,125)] 

= — 3333 — 16,450 = — 19,783 ft.-lb. 


At penultimate support C (three spans only, free at D) : 


Bending moment = — o*245[(2 x 8640) + 5760] — o*255[(2 x 28,125) — 0*5(5000 — 28,125)] 

= — 5650 — 17,282 = — 22,932 ft.-lb. 


(6). Determine the maximum negative bending moment at support B and the maximum 
positive bending moment in span BC for the beam shown on the Calculation Sheet (on the 
page facing Table 29) on which are given the spans, loads, and sections from which are cal- 
culated the moments of inertia, the distribution factors, and the span-load-factors for the 
dead and live loads separately, using the data in Tables 18 and 26. The moments of 
inertia of the sections are calculated from Table 64; for the tee-beam 



and the factor 0*19 is obtained by extrapolation. 

It is unnecessary in this case to draw bending-moment diagrams, since the bending 
moments for combined dead and live load at each support can be obtained by direct summation 
of the bending moments calculated from the formulae in Table 28, Case 3 a. 

(i) Maximum negative bending moment at support B. — Substituting the appropriate 
particulars of dead load from the Calculation Sheet in the formula for support B in Table 28 for 
conditions of symmetrical load (all spans loaded) and from Table 31 for dead load (general 
case, three or more spans), the bending moment due to dead load alone is 


“ (f x °*5 8 x — ~~~[(2*6 x 312,500) — (o*6 x 146,250)] + ^ 58 X^52,5oo 

= — 259,000 in.-lb. 


By substitution in the formula for support B from Table 28 for the general case of 
maximum negative bending moment at supports due to incidental load (in this instance the 
basic formula Mb 2 in Table 26 with Fcd = o), the bending moment due to the live load alone is 

— ”^“[( 2 x 3°°,ooo) + 300,000] — ^~C( 2 X 115,200) + (o*6 x 172,800)] = — 33 1,150 in.-lb. 


From Table 31 it is seen that, for the maximum negative bending moment at support B, the 
effect of the live load on the cantilever should be omitted. Thus the bending moment at 
support B is — (259,000 -f 331,150) = — 590,150 in.-lb. 

(ii) Maximum positive bending moment in span BC. — Calculate the minimum bending 
moments at supports B and C and combine the resulting negative bending-moment diagram 
with the positive freely-supported-span diagram. For dead load alone the negative bending 
moment at support B is, as already calculated, 259,000 in.-lb. For support C the substitution 
in the formulae for dead load in Tables 28 and 31 gives 


-(i 


X o*6o x 146,250 


■)- 


0-40, 

2 


[(2*58 X 312,500) — (0*58 X 140,000)] 
0*40 X 0*58 X 52,500 


280,000 in.-lb. 


(Continued on page 190.) 



CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 28. 

THREE SPANS. 



Note. — F or notation and basic formulae M Bg and Mc„ see Table 26. 
For Case 2B, see Table 27. 
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MOMENT-DISTRIBUTION APPLIED TO CONTINUOUS BEAMS (continued). 
Examples (continued from page 188). 

* < 


suffwr 

AEFEAINCES 


LIVE LOADS 

OEAO LOADS 

SPANS 

SECTIONS 


MOMENTS OF 
INEATIA 


STIFFNESS 

FACTOAS 

OfSTAffillTION 

FACTOAS 


SPAN- LOAD 
FACTOAS 


LOAD ON 
CANTtLEVEA 


Lmm? 

SPAN -LOAD 
FACTOAS 


LOAD ON 
CAMTILEVEM 



< 

Mp-wI 


* 


ft x2o* 
k A 0 ” i 2 


aooo 

20 



Fab . - 

m &ostgh sii 

- 1^0,000 in.Ib 

350x5 ^XIE 
Z 

62 , BOO in.Ib. 


r*A 


AB 


r BA 


* 500,000 fn. lb. 


2000x4*5 All 
loe^ooo in. lb. 


Ijc" !2 ^l- 15,824 in+ 


' MM 

25 

1- 0-41 
I* 0*58 


553 


°C8 


* 0*00 


f bc 

» 500X25*Xf2 

PL 

- 512,500 in.Ib. 


F 6 c<^H 23 fW“J h 

o«o 

Pbc**®*** 1 ** 000 * 15 * 12 

- Il5/2oo ialb. 
f cb-* £ * *4X4000x25x12 
» 172,800 ialb. 


I CI ^ 0 *I 3 xOxiT 9 
- 5,570 ia* 

Ml°. 371 

Cfco 

- 1-0*00 
■ 0*4 o 


r co 


asp^it 

140,250 ialb. 


- 800X15^12 

12 

* ISo^oofaHi 


For the live-load bending moments the formulae in the column for maximum positive bending 
moment in span BC in Table 28 are used. From Table 31, the effect of the live load on the 
cantilever is calculated. Substitution gives 


Support B: — ^^[(2 X 115,200) 4 - (o*6o x 172,800)] 4- 
Support C: • 04 ° ! 


0*58 x 108,000 


= — 38,800 in. -lb. 


[(2 x 172,800) 4- (0*58 x 115,200)] — 


0*4 x 0*58 x 108,000 


(Continued on page 192.) 


— 88,800 in.-lb. 







CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 29. 

FOUR SPANS. 
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AMD 
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OP 

SPANS 

MB 
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I I sazaagm ^ 
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EQUAL SPANS 
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SECTION 
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SYMMETRICAL 

Loading 



BASIC FORMULA « A 
SASIC FORMULA M tl 
Sasic formula m ci 

BASIC FORMULA M M 


UNDER THESE CONDITIONS 
FOR *ALL SPANS LOAOIO' 
THE FORMULA FOR 
BM. AT EACH SUFPORT 
ARE AS GIVEN BY 
THE CORRESPONDING 
CASES AEPEFSRIO TO 
forWidentai LOAOmcf 


6. M* AT SUPPORT6 
- DAE. 

(an B » C) 


■ASIC FORMULA M 0 , 

-'.o- Wwg 


UNDER THESE conditions for 'incidental loading' 

THE FORMUl* FOR THE B.M. AT EACH SUPPORT 
ARS AS FOLLOWS. 

SUPPORT A - CASE 2 .B 
SUPPORT B - CASE SB 

SUPPORT C - CASE 4A 

SUPPORT f> - CASE 4 A 



“ 4 C 5 C ED “ C Dc) 


BASIC FORMULA ft.. 

1 WITH 

BASIC FORMULA Me,) 0 ol . 

r^PC * ^IC 
BASIC FORMULA . {*£ 

“ P fC" ^C^’Ppe) 


Note. — For notation and basic formulae, see Table 26. 
For Case 2B, see Table 27. 

For Cases 3A and 3B, see Table 28. 






































i 9 2 REINFORCED CONCRETE DESIGNER'S HANDBOOK 

MOMENT DISTRIBUTION APPLIED TO CONTINUOUS BEAMS (continued). 
Examples (continued from page 190). 

For maximum positive bending moment on span BC the support moments are therefore 
Support B: — (259,000 + 38,800) = — 297,800 in.-lb. 

Support C: — (280,000 -j- 88,800) — — 368,800 in.-lb. 

From the loading diagram it is clear that the position of maximum positive bending 
moment on span BC is at the point of application of the live concentrated load, at which 
point the free bending moment due to the dead and live loads is 


500 x 15 X IQ X 12 4000 x 15 x 10 X 12 

2 ' 25 


738,000 in.-lb. 

j 

At this point the negative moment is 

— ^[(297,800 x 10) -f (368,800 x 15)] = — 340,400 in.-lb. 

Therefore the maximum positive bending moment is 738,000 — 340,400 = 397,600 in.-lb. 

(c). — The example in the following shows the method of calculating the bending moments 
on a continuous beam by direct application of the principles of moment distribution. The 
tables are used only to the extent of applying the expressions for fixed-end moments ( Table 18) 
and distribution factors (Table 26). 


, L ! V A I 20.000 LB 


UNIFORM MOMENT OF INERTIA 


DEAD LOAD - 
SPANS 


DISTRIBUTION 

FACTORS 



1 

\ V 24L °" 

1 4 .,6'-o" 

1 2 

5 

i f 

2 2 

7 5 

I 0 

-144 -144 

+ 144 v -IOB 

-324 -324 

*72^ ^-144 

-576 -576 

4108 ^ +128 

-256 -256 

-I92v^ ^ O 

4 54 - 72 

" 54 \ 

-252 -468 

4 72 - 36 

" 56 \ 16 

-468 -448 

- 64 '** - 54 

+ '2^ ^ + 22 

:«.V« 

O +96 

- 32 ^ / O 

0 /\" 238 
- 43 4-27 

443 - II 

-238 -520 

4- 8 ^ + 29 

4-8 - 23 

-520 -480 

- 11 -* ^ - 6 

4 17 +2 

-480 -160 

O 16 

-4 O 

O -222 

-222 -514 

-514 -484 

-484 -176 

mm 

m 

0 0 

\ 

/ 

0 5 

1 

O O 

O yC-270 

- |M \ ZJ1 

- 37 ° - ,,j 

-129 ^ — 90 

4 52 ^ /4 51 

-193 0 

O +97 

- 39 ^ ^ <" - 39 

TX: 

0 Oj 

+ 58. ^O 




MSS 

0 -335 

-335 -232 

-232 +70 

+70 -29 


DEAD LOAD 
FEM + IOO 
I 11 DISTRIBUTION 
IMBALANCE 

^'carry-over 

2"blSTRIBUTION 

a^BALANCE 

a" d CARRY-OVER 

3 rd DISTRIBUTION 
rd 

3 BALANCE 


LIVE LOAD 
FEMt IOO 
I*' DISTRIBUTION 
I*' BALANCE 
l U CARRY-OVER 
a^^OISTRIBUTlON | 
2 nd BALANCE 
2 nd CARRY-OVER 
3 rd distribution! 


B 

-55.700 


C 

-74,600 


0 

-4MOO 


E 

-20,500 





CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 30. 

FIVE OR MORE SPANS. 



Note. — For notation, see Table 26. 

For Case 2B, see Table 27. 

For Cases 3A and 3B, see Table 28. 
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CONTINUOUS BEAMS, — END RESTRAINT. 

General Case. — If a beam cantilevers beyond an end support, or is monolithic with 
an external column or other construction, the effect is to produce at the end support a bending 
moment equal to, and with the same sign as, the cantilever (or equivalent) bending moment. 
Ignoring any other load on the beam, the bending moments at the penultimate support due 
to either a negative or positive externally-applied bending moment are given in the upper 
part of Table 31 for sequence of unequal spans. The factors are based on moment distribution. 
To the extent of two distributions, an externally-applied bending moment affects only the 
end and penultimate supports, but with three distributions a small bending moment occurs 
at the next interior support. The bending moment at the penultimate support is unaffected 
whether two or three distributions are made. Thus the formulae in Table 31 relate to three 
distributions for support C and either two or three distributions for support B. 

Equal Spans. — The coefficients in the lower part of Table 31 apply to a series of equal 
spans at one or both end supports of which a bending moment is applied. The effect on the 
binding moments and shearing forces are taken into account. It must be noted that the 
units for this part of the table are as follows. 

Bending moment. — The units of the bending moment at any support are the same as 
those in which the externally-applied bending moment is expressed. 

Shearing force. — If the externally-applied bending moment is in inch-pound units and 
the span is in feet, the coefficients are such that the adjustments to the shearing forces are in 
pounds. If the externally-applied bending moment is in foot-pound units and the span is 
in feet, the coefficients must be multiplied by 12 to give the shearing forces in pounds. 

Example. — If a negative bending moment of 200,000 in. -lb. is applied at one end support 
of the beam in Example (a) opposite Table 25, find the resultant maximum bending moment 
at the penultimate support. 

Bending moment at penultimate support, — 51,075 ft.-lb. = — • 612,900 in. -lb. 

Bending moment at support B (four equal spans) due to 
bending moment applied at one end only ( Table 31, lower 
part), + 0*268 x 200,000 = -f 53,600 ,, 


Resultant net bending moment 


- 559,300 



(moke EXACT COEFFICIENTS) I APPROXIMATE METHOD 


CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 81. 

BENDING MOMENTS APPLIED AT END SUPPORTS, 



DEAD LOAD (oAJIMUAa) 1 INCIDENTAL LOADING 



TABULATED DATA ARE RESULT* OF THREE DISTRIBUTIONS. 


Mp- NUMERICAL VALUE OF E XT* R N A LLY- APPLI ED B E N Dl N 0 MOMENT AT SUPPORT A* 
D 6c ,etc.,« DISTRIBUTION FACTOR FOR SPAN B C , ETC., AT SUPPORT 8, ETC. 

(see preceding tables forevaluation) 
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CONTINUOUS BEAMS AS MEMBERS OF A FRAME. 

In ordinary buildings it is not necessary to consider the interaction of the columns and 
beams more accurately than by the application of the formulae recommended in the B.S. Code 
for the bending moments on exterior and interior columns (see Table 46). The formulae in 
Table 32 are suitable for more complex cases and are based on moment distribution. They 
are applicable only to vertical loading. (The effect of sway is excluded, so the method requires 
amplification if large out-of-balance loads act. The effects of wind and other lateral loads 
are dealt with as in Table 51.) The method is similar to that for continuous beams (on 
knife-edge supports) in Tables 26 "to 31, but the stiffness of the supports is taken into account. 
The same convention of signs and notation is used. The B.S. Code recommends that the 
remote ends of members continuous with the span considered be assumed to be fixed, an 
assumption which simplifies the formulae; therefore, as regards any interior span ST, the 
ends of the beams at R and U, the ends of the lower columns at O and X, and the ends of the 
upper columns at P and Y are assumed to be fixed. 

Interior Spans. — The stiffness factors and distribution factors are given in Table 32, 
in which the expressions for the bending moments are the result of two distribution operations 
and one intermediate carry-over. The bending moments at S and T in any interior span ST 
are due to vertical loads on interior spans RS, ST, and TU only, since loads on spans QR 
and UV and beyond do not affect S and T in this limited moment-distribution operation. 
The formulae for the case of all spans being loaded apply to the dead load on an interior span. 
To produce the greatest negative bending moments at support S due to live load it is necessary 
to omit the load from span TU. Similarly, for support T, the live load on span RS is omitted. 
To produce the maximum positive bending moment on span ST due to live load, it is necessary 
to load span ST only. The formulae for these conditions of live loading are also given in 
Table 32. 

End Spans. — The formulae for any interior span ST are re-written to apply to an end 
span AB by substituting A, B, C, etc., for S, T, U, etc. ; A is the end support, and there is no 
span corresponding to RS; the modified stiffness and distribution factors are given in Table 32, 
together with the formulae for all spans being loaded and also the formulae for the maximum 
bending moments at the supports due to live load and the formulae for the bending moments 
at the supports for the incidence of live load giving the maximum positive bending moment 
in end span AB. 

When the bending moments at the supports are known, the positive and negative bending 
moments in the spans are obtained by combining the diagram of the free bending moments 
due to the load with the diagram of the corresponding support bending moments. 



CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 32. 

BEAMS MONOLITHIC WITH SUPPORTS. 
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BEAMS WITH SPLAYS AT THE SUPPORTS. 


The formula in Tables 26 to 32 apply to beams in which the moment of inertia is uniform 
throughout any span but may differ in each span. If the moment of inertia varies within 
the span, for example, beams with splays as illustrated in Table 33, the fixed-end moments 
(the span-load-factor), the carry-over factor, and the stiffness of the beam are affected, each 
of these items being increased if the moment of inertia is greater at the support than at the 
middle of the span as in the case a beam with haunches at the supports. 

The span-load-factors for supports A and B of a beam AB with non-uniform moment of 
inertia can be expressed as F'ab = GabCabLab and F'ba — GbaCbaLab respectively. There- 

• F* a B • F* J3A 

fore the coefficient Gab is ^ — = — and Gba is — = — and, if the magnitudes of these 

CabCab '■'BALaB 

coefficients are known, F'ab and F'ba can be calculated from Cab and Cba for a beam of 
uniform moment of inertia (see Table 18). (For a beam of uniform moment of inertia 
Gab — Gba = 1.) For a symmetrical beam with symmetrical load Gab ~ Gba> 

The carry-over factor COab for support A is defined as the moment produced at the 
fixed end B of a beam AB when unit moment is applied at the freely-supported end A. (If 
the moment of inertia of the beam is uniform throughout the span, COab — COba = 0*5.) 
For a symmetrical beam COab — COba • 

The stiffness of a beam is the moment which when applied at the freely-supported end A 
produces unit slope at A if the beam is fixed at B. (For a beam of uniform moment of inertia 


the stiffness is 


For a beam with straight splays of the same size at each support (k d and Al being factors 
representing the dimensions of the splays), the values of coefficients G A b — Gba (for uniformly- 
distributed load and for a central concentrated load), carry-over factors COab — COba, and 
stiffness coefficients K A b are given in Table 33 for beams with splays of common proportions 
and symmetrical loads. Intermediate values can be interpolated (plotting is recommended). 

The alteration of the span-load-factors, the carry-over factors, and the stiffness due to 
variation in the moment of inertia affect the basic and derived formulae for the bending 
moments at the supports of a beam continuous over two or more spans. The general formula 
for the bending moment at any interior support C (except a penultimate support) are given 
in Table 33, together with the formulae for the bending moments at other supports such as 
the supports at a fixed end and penultimate supports. 



CONTINUOUS BEAMS: MOMENT-DISTRIBUTION METHOD.— TABLE 33. 

BEAMS WITH SPLAYS. 
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INFLUENCE LINES FOR CONTINUOUS BEAMS. 

For the determination of the bending moments at any of the critical sections in a 
system of beams due to a train of loads in any given position, the procedure is as follows: 

Draw the beam system to a convenient linear scale. 

With the ordinates given in Tables 34, 35, 36 or 37 construct the influence line (for unit 
load) for the section to be considered, selecting a convenient scale for the bending moment. 

Plot on this diagram the train of loads in what appears to be the most adverse position. 

Tabulate the value of (ordinate x load) for each load. 

Algebraically add the products (ordinate x load) to give the resultant bending moment 
at the section considered. 

Repeat for other positions of loads to ensure that the most adverse position has been 
assumed. 

The following example shows the direct use of the tabulated influence lines for calculating 
the bending moments on a continuous beam subjected to concentrated loads in specified 
positions. 

Example . — Determine the bending moment at the penultimate (left-hand end) support 
of a system of four spans (constant moment of inertia, freely supported on end supports) 
subject to a central load of 10 tons on the first and third spans (counting from left-hand 
end) ; the end spans are 20 ft. and the interior spans 30 ft. ; hence the span-ratio is 1 : ij : 1 J : 1. 

With load on 1st span (ordinate c): ft. -lb. 

Bending moment — — (0*082 X 10 x 2240 X 20) = 36,800 (neg.) 

With load on 3rd span (ordinate m ) : 

Bending moment = + (0*035 X 10 x 2240 x 20) = 15,700 (pos.) 


Net bending moment at penultimate support = 21,100 (neg.) 



TWO SPANS (EQUAL OR UNEQUAL) 


CONTINUOUS BEAMS: INFLUENCE LINES.— TABLE 84. 

TWO SPANS. 
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UNEQUAL SPANS. 

DATA ENABLES INFLUENCE LINES TO BE DRAWN FOR THE BENDING MOMENTS 
PRODUCED BY A SINGLE UNIT LOAD MOVING OVER TWO UNEQUAL SPANS. 

ORDINATES FOR INTERMEDIATE RATIOS OF SPANS CAN BE I NTERPOLATED. 

EQUAL SPANS. 

INFLUENCE LINES MARKED I - !»0 CAN BE U5ED DIRECTLY. (DIAGRAM OF 
A SUCCESSION OF LOADS MUST BE DRAWN TOTHE SAME LINEAR SCALE.) 

BENDING MOMENT DUE TO LOAD W CONCENTRATED AT ANY POINT. 

a (ORDINATE OF APPROPRIATE INFLUENCE LI NE) ^(SHORTER SPAN L t )x W* 
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THREE SPANS (EQUAL OR SYMMETRICAL INEQUALITY) 


CONTINUOUS BEAMS: INFLUENCE LINES.— TABLE 35. 

THREE SPANS. 



INFLUENCE LINES FOR BENDING MOMENTS 
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TABLE 36.— CONTINUOUS BEAMS: INFLUENCE LINES. 
FOUR SPANS. 
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CONTINUOUS BEAMS: INFLUENCE LINES.— TABLE 37. 

FOUR OR MORE SPANS. 
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SLABS SPANNING IN TWO DIRECTIONS. 

Notation. — The symbols used in the following and in Tables 38, 39, 41, 42 and 43 are as 
follows. (The corresponding symbols used in B.S. Code No. 114, where different, are given 
in brackets.) The symbols used in Tables 40 and 44 are given in the respective tables. 

W = total load (lb.) on the slab and equal to wLbLl for a completely-loaded panel, and 
equal to wuv for a partially-loaded panel; w — uniformly-distributed load (lb. per sq. ft.). 

Lb(Iz) and Ll(I v ) = short and long spans (ft.) respectively, k — ~. 

Lb 

Mb and Ml — maximum bending moments at the midspan of the short and long spans 
respectively; Mb a and Mbc — bending moments at supports A and C respectively of the 
short span; Mld and Mle, the bending moments at supports D and E respectively of the 
long span. Bending moments are in ft. -lb. per foot width. 

Kb and Kl — bending-moment reduction factors for short and long spans respectively, 
corners not held down; Kb ' and Kl = corresponding factors with corners held down. 

««(= fix) and m *[=&(k) J — coefficients for positive bending moments on short and 
long snaps respectively, with corners held down ; wb' and mi! — corresponding coefficients for 
negative bending moments. niBo{= a*) and m L0 -©1 = coefficients for positive 

bending moments on short and long spans respectively with corners not held down. 

Rectangular Panels Freely Supported along All Edges with Uniformly- distri- 
buted Load. — For a rectangular panel that is freely supported along all four edges in such 
a manner that the corners are free to lift, the Grashof and Rankine method is applicable 

A 4 

and the bending moment reduction coefficients are Kb — ^ - and Kl = 1 — Kb . The 

midspan bending moments per foot width M b and Ml are calculated from the formulae in 
Table 38. The usual limit of application of this method is when the length of the panel is 
equal to twice the breadth, that is when k = 2. Beyond this limit the slab is considered 

W JJ 

to span across the short span only, the bending moment per foot width then being 

o 

For the condition “ comers not held down ", the bending-moment coefficients in the 
B.S. Code correspond to m B o and m LO in Table 39. 

In cases near the limit of k = 2, it is necessary to ensure that the amount of reinforcement 
in the long direction is not less than the minimum amount of distribution bars required. 

For panels that are freely supported along all four edges but with the corners prevented 
from lifting, the corresponding coefficients K' B and K'l in Table 38 conform to a more exact 
analysis but with Poisson’s ratio equal to zero. 

The bending moments at midspan based on Dr. Marcus’s method are the midspan bending 
moments calculated by the Grashof and Rankine method multiplied by a factor C ; for a slab 

c k i 

freely supported along all four edges C — 1 — - - — - ; the midspan bending moments 

a b (I + n ) 

per foot width are M b = CK&ALs. and Ml — ~j^r- 

The resultant bending moments by the method of Dr. Marcus and the exact theory 
(with Poisson's ratio equal to zero) are almost identical. If Poisson's ratio is assumed to be 

0*15, the midspan bending moments per foot of width are Mb — w ^KbL b ^ and 

Alternatively the appropriate coefficients can be obtained 


M l = 


from the curves in Table 42 for — - = — = i for a slab completely covered with a load of 

L b Ll 


W 


intensity w = -= — —.The bending-moment coefficients given in the B.S. Code for this case 
LbLl 

correspond to wb and m L in the top left-hand corner in Table 39. 

Rectangular Panels Fixed along Four Sides with Uniformly- distributed Load. — 
If a panel is completely fixed along all four sides / the bending moments are as follows. 

wL 2 

Short span: Midspan M B — + 0 ' 8 M B a’> Support M B a — — K'b 

o 

Long span: Midspan Ml — + o*8 Mld’, Support Mld = — K'l*^-—, 

o 

where K'b and K'l are as in Table 38. (See also B.S. -code method on page 208.) 

(i Continued on page 208.) 



SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS.— TABLE 38. 

UNIFORMLY-DISTRIBUTED LOAD. 
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SLABS SPANNING IN TWO DIRECTIONS (continued from page 206). 

Formulae based on Dr. Marcus's method are given in Table 38; the coefficient 
« A 1 

O'* 1 — 2- and values are given in Table 38; K& and K B are the Grashof and 

18 (1 -|~ A 4 } 

Rankine reduction coefficients given in Table 38. 

B.S. Code Method for Rectangular Panels with Uniformly- distributed Load.— 

For the conditions common in reinforced concrete construction, that is continuity over the 
supports along some edges and discontinuity at the other edges, the method recommended 
in the B.S. Code No. 114 is applicable, and the coefficients given by the curves in Table 39 
should be substituted in the appropriate formulae for bending moments in the middle strip 
shown in Table 38. Provision is made at the discontinuous edge for the possible restraining 
moment due to the slab being cast monolithically with reinforced concrete beams supporting 
the panel or with concrete encasing steel beams, or due to embedment in a brick or masonry 
wall; if the restraint is of such magnitude that full fixity or conditions of continuity exist, 
the slab should be considered as continuous, instead of discontinuous, at the edge concerned. 

The B.S. Code recommend also other bases of analysis, such as the theory of thin plates 
(which gives the factors K'b and K'b in Table 38) and the yield-line method. 

Shearing Force on Rectangular Panel with Uniformly- distributed Load. — The 
maximum shearing forces at the edges of a panel spanning in two directions and carrying 
a uniformly-distributed load are, according to M. Pigeaud, approximately 0*333 wL B at the 

middle of the short edge and at the middle of the long edge. The same values are 

applicable to a panel fixed or continuous along all four edges, but for other conditions the 
distribution of the shearing force, the stresses due to which are rarely critical, must be adjusted 
on the principle that the shearing force is slightly greater at a side where there is continuity 
or fixity than at an opposite freely-supported edge. 


Examples. 

(a) Determine the bending moments on a rectangular slab AECD freely supported on 
all four sides (corners not held down) and subject to an inclusive load of 200 lb. per sq. ft., 
the lengths of the sides D and E being L b = 10 ft. and A and C being L l = 12 ft. 6 in. 

Ratio of sides = A = = 1-25. 

10*0 

(i) From Table 38 the coefficients are Kb = 0*71 and Kb = 0*29. 

Bending moments: 

Midspan, short span: 0-71 X $■ X 200 X io* X 12 = 21,300 in -lb. 

,, long span: 0*29 X | X 200 x 12*5* X 12 = 13,600 in.-lb. 

Bending moments at the supports are zero. 

(ii) From Table 39 using the coefficients m B o and wlo corresponding to B.S. Code for 
“ corners not held down ". 

Bending moments. — Midspan, short span = 0*09 x 200 x 10* X 12 = 21,600 in -lb. 

long span = 0*036 x 200 X 12*5* x 12 == 13,400 m -lb. 

(b) Find the bending moment in the panel in (a) if it is constructed monolithically with 

the supports, but discontinuous along all edges (that is, nominally freely supported but with 

the corners held down). 

(i) From Table 38, using '* exact " coefficients K* B — 0*45 and K'b = 0*17. 

Bending moments: 

Midspan of short span: 0*45 x | X 200 x 10* x 12 =* 13,500 in.-lb. 

„ „ long span* 0*17 x i X 200 x 12*5* x 12 = 8000 in.-lb. 

(ii) From Table 39, using the B.S. Code coefficients (curves m top left-hand corner). 
Bending moments : 

in.-lb. 

Short span — middle strip, at midspan: 0*065 X 200 x 10* x 12 «=* 15,600 

,, ,, at edge: — | X 15,600 a — 10,400 

Long span — middle strip, at midspan: 0*032 x 200 x 12-5* x 12 ~ 12,000 

„ „ at edge: - | x 12,000 = — 8,000 

(c) Determine the bending moments if the panel in (a) is nominally freely supported on 
side C only and is continuous over the other three sides. 

Table 39 applies (curves in bottom right-hand corner): = 1*25. 


Bending moments: Short span, midspan: 

„ „ support: 

Long span, midspan: 
,, ,, support: 


0*043 X 200 X io* x 12 
0*055 X 200 X 10* x 12 
0*020 x 200 Xl2*5* x 12 
0*026 x 200 x 12-5* X 12 


in.-lb. 

10,300 

13,400 

7500 

9750 



SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS.— TABLE 89. 

UNIFORMLY-DISTRIBUTED LOAD.— B.S. CODE. 
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SLABS SPANNING IN TWO DIRECTIONS [continued). 

Rectangular Panels with Triangularly- distributed Loads. — The intensity of 
pressure on the walls of containers is uniform at any given level, but vertically may vary 
from zero near the top to a maximum p at the bottom. If there is a support along the top 
of a rectangular panel spanning in two directions, the curves and expressions in the lower 
part of Table 40 enable the probable maximum bending moments on vertical and horizontal 
strips of unit width to be calculated, whether the slab is fixed (Case 3) or freely supported 
(Case 2) along the top edge. Similar curves are given in the upper part of Table 40 for the 
condition when there is no support along the top edge (Case 1). In all cases it is assumed 
that the slab is continuous over the two vertical edges of the panel and is fixed along the 
bottom edge. 

The upper curves for each case indicate the approximate positions of the maximum 
bending moments. The values given at the ends of the curves are the values to which the 
coefficients approach as the ratio of spans A approaches zero, or to which they are asymptotic 
if A is infinity. Although the conditions A = o and A = 00 have no practical significance, 
the coefficients for these cases apply when the slab spans wholly horizontally or vertically 
respectively. If A is less than 0*3 in Cases 2 and 3 or less than 0*5 m Case 1, the bending 
moments should be calculated on the assumption that the slab spans entirely horizontally. 
If A exceeds 2 for Case 1, or 2^ for Cases 2 and 3, the slab should be assumed to span entirely 
vertically. 

At a nominally freely-supported top edge (Case 2), resistance to negative bending moment 
equal to two-thirds of the positive bending moment on the vertical span should be provided. 

If the slab is assumed to span entirely vertically or entirely horizontally, the amount 
of reinforcement provided horizontally and vertically respectively, and in other cases at 
sections where the calculated bending moment is small, should be not less than the minimum 
amount required in a slab (see page 266). 

Since it is common in a container to provide 45-deg. splays at the corners, it should be 
noted that the critical negative bending moments are not necessarily at the edges of the splays. 

A pressure which is distributed trapezoidally can be dealt with by adding the bending 
moment due to a triangularly-distributed load ( Table 40) to the bending moment due to 
a uniformly-distributed load [Table 38 or 39) ; this applies to the negative bending moment, 
but only approximately to the positive bending moment. 

Example. — Find the maximum bending moments in a wall panel of a rectangular tank 
that can be considered as freely supported along the top edge and continuous along the 
bottom edge and along the two vertical sides. The height of the panel is 8 ft. ( Ly ) and the 
horizontal span is 12 ft. [Lh), the intensity of pressure being 500 lb. per square foot along 
the bottom edge and decreasing uniformly to zero at the top edge. 

Ratio of spans: A = ~ = ~ = 1-5. For Case 2, the bending moments are as follows. 

Ly 8 

At height [v — 0-45) of 0*45 x 8 = 3 ft. 7^ in , the maximum positive bending moment 
on the vertical span is + 500 x 8* x 0-027 x 12 — 10*400 in. -lb. 

At mid-point of the bottom of the panel, the maximum negative bending moment on 
the vertical span is — 500 x 8 2 x 0-043 x 12 — 16,500 in. -lb. 

At mid-span and at a height (xi = about $) of £ X 8 = 4 ft., the maximum positive 
bending moment on the horizontal span is + 500 x 12 8 x 0-004 X 12 = 3450 in. -lb., which 
is negligible; the minimum amount of reinforcement required in a slab forming part of a liquid- 
container will provide a greater resistance. 

At height [x — 0-42) of 0-42 x 8 = 3 ft. 4 in , the maximum negative bending moment 
at the vertical edges of the horizontal span is — 500 x 12 2 x 0-013 X 12 = 11,230 in. -lb. 

The bending moments on the horizontal span have generally to be combined with a direct 
tension. 



SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS.— TABLE 40. 

TRIANGULARLY-DISTRIBUTED LOAD. 


BENDING MOMENT 
COE FFTCI ENTS 

S&.O-M 

CASE K 
UNSUPPORTED 
*LONC 0 . iB 

TOP EDGE 



POSITIONS OF MAXIMUM B.Ms. 

£ p« MAXIMUM 1_ 


MAXIMUM INTENSITY OP 
HYDROSTATIC PRESSURE 


-MAY. POS. B.M. VERTICAL SPAN 
-MAR. POS. B. M HORIZONTAL SPAN 


NOTES 

PANELS FIXED OR CONTINUOUS ALONC 
BOTTOM EDGE AND BOTH VERTICAL SIDES i 
CONDITION ALONG TOP EDGE AS INDICATED. 


-MAX. NEC- B.MS. HORIZONTAL 
SPAN 



SPAN FRACTIONS THUS 14 INDICATE COEFFICIENTS 

AL TO WHICH CURVES ARE ASYMTOPIC OR TO 
vN WHICH COEFFICIENTS APPROACH AS SPAN 

RATIO -r* APPROACHES XSRO. 

«-v ± 

VERTICAL SPAN.* B.M.«(C0SFFtCIENT)pL v 
HORIZONTAL SPAN! R M.*<COEFFIC1ENT)pL5 


Notes. — Scale on right-band side is for values of xi, x, and v. Ratio of spans = & = 
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SLABS SPANNING IN TWO DIRECTIONS (continued). 


Rectangular Panel with Free Support along One, Two, or Three Sides with 
Uniformly- distributed Load. — Bending moments on panels where continuity or fixity 
occur along one, two, or three edges and free support along the remaining edges, but with 
comer restraint, can be based on the following approximate method, which gives results 
reasonably close to those obtained by more accurate methods. 

Substitute for k = the expression h, = ^ equivaientspan ^ 

short span shorter equivalent span 

equivalent span is / times the actual span. Values of / for various conditions of supports 
are approximately as follows: unity for a span freely supported at both ends, o*8 for a span 
continuous at one end and freely supported at the other, and 0*67 for a span continuous over 
both supports. The shorter equivalent span may not be the shorter actual span. If the 
comers of a slab are prevented from lifting and torsional restraint is provided, the coefficients 
K'b and K'l ( Table 38) for the ratio k e > instead of k, are combined with the following bending- 
moment factors. 

Slab freely supported along one edge and continuous over the other three supports. — 
The bending moment factor is j for the negative bending moment over the three supports 
where continuity exists, ^ for the positive midspan bending moment for the span that is 
continuous at both ends, and £ for the positive midspan bending moment for the span that 
is continuous at one end and free at the other. 

Slab freely supported along two opposite edges and continuous over the other two 
opposite supports. — The bending moment factors are £ for the negative bending moments 
over the two supports where continuity exists and for the positive bending moment at midspan 
of the span that is freely supported at both ends, and ^ for the positive bending moment 
for the span that is continuous at both ends. 


Slab continuous over two adjacent supports and freely supported along the other two. — 
The bending moment factors are £ for the negative bending moments and £ for the positive 
bending moments. 

Slab continuous over one support and freely supported along the remaining three edges. — 
The bending-moment factors are £ for the negative bending moment and for the positive 
bending moment for the span freely supported at both ends, and £ for the positive bending 
moment for the span that is continuous at one end and freely supported at the other. 

Slab continuous over two adjacent supports and freely supported along the remaining 
edges, but with the corner where the freely supported edges meet not held down.— Combine 
with the coefficients Kb and Kl (Table 38) for the appropriate ratio of k e , bending moment 
factors of ^ for the positive and negative bending moments. 

Slab continuous over one support and freely supported along the remaining three edges, 
but with the corners where the freely-supported edges meet not held down. — The bending 
moment factors are -fo for the negative bending moment and for the positive midspan moment 
of the span continuous at one end and free at the other, and $ for the positive bending moment 
in the span that is free at both ends. 

The foregoing method is an alternative method m the B S. Code, the latter method should 
be used where applicable. 

Beams Supporting Rectangular Panels. — Beams supporting slabs spanning in two 
directions are subjected to loading from the slab that is distributed approximately triangularly 
on the beam along each shorter edge (span Lb = l x ) and trapezoidally on the beam along each 
longer edge (span Li — l y ) as shown in the diagrams in Table 41. For the calculation of 
the bending moments only on the beams, if the span of a beam is equal to the length (or 
width) of the panel, and the beam supports one panel only, the equivalent total uniformly - 
distributed loads on the beams supporting a panel which is freely-supported along all four 
edges or is subjected to the same degree of restraint along all four edges are as follows. 


-m 

where w is the intensity of total uniformly-distributed load on the slab. If a beam supports 
two identical panels, one on either side, the foregoing equivalent loads are doubled. If 
a beam supports more than one panel in the direction of its length, the distribution of the 
load is in the form of two or more triangles (or trapeziums), and the foregoing formulae do 
not apply; in such case, however, it is accurate enough to assume that the total load on the 
beam is uniformly distributed. 


Short-span beam: long-span beam: 



SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS 
LOADS ON SUPPORTING BEAMS. — TABLE 41. 


PANELS SUPPORTED ALONG FOUR EDGES. 


V/r 


W A -W c -4: we* 
w B -w 0 -i(k-i)we* 

W A -W 8 -W c -W 0 -iw^ 


PANELS UNSUPPORTED ALONG ONE(OR TWO) EDGES 


w c -i uCl 



k< li; w A -if (min.) 

W B * vv D (k-f)w^ 
w c * (max,) 
k > l£; W A » i W c appi»ox(nmn) 
W B -W D -4k a ai^ 
W c »|k(|-|k)io^ 


W A -W c -&w(* 
W 6 --| w 0 (MIN.) 
VY 0 


W A » ^ w€ x (M | N.) 
W B -§ W D (MIN) 
W c » ^ w ^x ( MAX ) 


k< !*: W A * W c = ^wei 
W B -y w d (min) 
W 0 -f (k -§)«£* (mw) 
K> li: W A -W c -4k(l-§K>e* 

W B -4k*W^(MIN.) 
W D *4 k Z (0 e x (MAO 

W A = |o fU^ x (MlN) 

W B " W 0 » £ (k- |)ul £x 





fw A 

2S? 


CONGER SPAN 

Shorter span 


(U - INTENSITY OF UNIFORM LY- 
|x DISTRIBUTED LORD 

3" W A> W B ,W C ,W B * TOTAL LORD 
CARRIED 0T EACH 
8 u FPORT O F PAN E L 


w A- w fe“i k C-4 k >^ 


w D -ik*w€“ 


w c -4 we* 

W 0 . (k-i)w^ 


W B . §W d (m.n) 

Wc-I^C 

W D-|C^-^) UJe x( MA ^ 
k>l|: W A - g l 


|K<li: w a -4 

i We - C 


W A - O 

W 6 - Wo *i(k-i)oje x 

W c -4 


♦ lo W A - W c -ikO-ik)w£i 

\ It w B .o 

1 is Wo-^k’we^ 

— J 5 


CONDITION OF SUPPORTS. 

MO SUPPORT 

a. FREELY SUPPORTED 

wmmmmmmm m «■ CONTINUITY OR. FlMTY 

LORDS MARKED (MIN,) APPLY IF PANEL IS 
ENTIRELY TREBLY SUPPORTED ALONO 
EDGE INDICATED: IF PARTIALLY 
RESTRAIN ED LOAO Wl LL BE SLIGHTLY 
GREATER THAN GIVEN AND LOAD 
MARKED CMAX.) ON OPPOSITE EDGE 
Wl LL BE CORRESPONDINGLY REDUCED. 
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SLABS SPANNING IN TWO DIRECTIONS (continued). 

Square Panels (ft — i-o). — The expression in Table 42 that the bending moment in both 
directions is W(m x -f- o-i 5m,) applies only if load is over entire panel, or if u = v. 

Other conditions. — u and v can be in either direction ; m 1 is the bending moment coefficient 
in the direction of u; m % is the coefficient in the direction of v. Coefficient m x is based on 

~ and ^ as selected; for coefficient m % reverse u and v. 

Example. — If — = o-8 and‘|- = 0-2, m x — 0-072; for ^ = 0*2 and ~ = o-8, m a = 0-103. 
Bending moments. 

On span in direction of u: W[croj2 -f- (0-15 x 0-103)] = 0-087!^ ft.-lb. per ft. 

On span in direction of v : ^[0-103 + (0-15 x 0-072)] = 0-114^ ft.-lb. per ft. 

Examples of Panels Supporting Concentrated Loads. — The following examples 
illustrate the use of Tables 42 and 43 for slabs supporting a load which is concentrated uniformly 

over an area less than the entire area of the panel. Notes on these tables are given on 

page 32. 


PARAPET GIRDER 



(a) The footpath of a bridge spans 6 ft. between a parapet girder and a main longitudinal 
girder, and is monolithic with both girders [diagram (a)] The live load is either 100 lb per 
sq. ft. uniformly distributed, or a load of 4 tons from a wheel the contact area of which is 
12 in. by 3 in. (With the latter load the stresses may be increased by 50 per cent. ; that is 
at ordinary working stresses the wheel load can be assumed to be about 6000 lb.) These 
loads comply with the recommendations of the Ministry of Transport. 

(i) Assume a 5-in. slab; total uniformly-distributed load = 63 + 100 =163 lb. per sq. ft. 
With continuity at both supports, bending moment at midspan and at each support is 
Yf X 163 x 6-3® x 12 = 6400 in. -lb. per ft. width. 


(ii) Contact area of 12 in. by 3 in. at the wheel can be increased to 20 in. by n in. 
(Table 6); depth to the reinforcement is about 4 in. 

The slab spans mainly in one direction ; the curves in the lower left-hand corner of Table 42 
1 u 11 v 20 

apply. — j— as* — = 0-143; y— — — = 0-26 ; m x — 0-22 and m 2 — 0-12. 

77 b 77 

Free transverse bending moment = 6ooo[o-22 -f (0-15 x o-i2)]i2 + (i X 63 x 6-3* x 12) 
** 17,150 -f 3750 a= 20,900 in. -lb. per ft. width. 

Allow for continuity (partial fixity) by reducing the free bending moment due to the 
dead load by one-third, and that due to the live load by 20 per cent. ; the transverse bending 

(Continued on page 216.) 



SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS.— TABLE 42. 

CONCENTRIC CONCENTRATED LOADS. 


SLABS SIMPLY SUPPORTED 

ALONG ALL FOUR EDGES. 
(with corner RESTRAINT.) 

W» TOTAL LOAO(LB.) ON AREA? 
SHORT SPAN B. M. 

- W(m,-«j-i 5 mi) HM Tu L e 

LONG SPAN B.M. L v I 
« W(o<i5m, + m 2 ) f ^, r< k = ik 
L ~ Lb 

NOTE’. B.M.fORMUl/fc ARE FOR 
POISSON'S RATIO - 0*15. 

(B.MS. IN FT.-L6. PER FQQt wiOTH) 


infl MI IlIIMI MIJli ilM 

■H sssassaasp 


BKSSKISliBBBB BSSBBBqBtil 
^KKBKNHBSI^aiiBHiS&S 



ifmvftiiikVHBBBp^gsssssBs 

IPWtMHlWllglBggllisSSSSl 




^BBMMiniaBBIB BSg lls^sjsBSS 
HQ BKBSIBB9IBI3B 
■fiSKilSiilSftl SSSSBBBBB3 

ssNiiiiaiiSKnBK bbbbbbbsbb 

■»SiSSSiSi»BHH»BBB9^BBKS 


SLABS SUPPORTED ON 
TWO OPPOSITE SIDES ONLY. 

TRANSVERSE 8M — W(m, tO 15 m 2 ) 
LONGITUDINAL 8M.- W(0 iSlTJi + m^) 


K a INFINITY. UU UNE5 



BBSBaSHBBBllSBl^! 



^m\miBBBBaSBS9BSSi8S 
BMBlWBBBkl gB SlBSSSSSSS 
«niiiiiiiiinnii IIbassssss 



m O-a 0-4 0-6 0*8 10 0-1 0 4 0*6 03 K> 


Note. — S ee note regarding square panels on page 214. 
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SLABS SPANNING -IN TWO DIRECTIONS (continued). 

Examples of Panels Supporting Concentrated Loads (continued from page 214). 
moment =16,100 in.-lb. [This is greater than the bending moment in case (i) ; therefore case (ii) 
controls the design.] With stresses of 1000 lb. and 18,000 lb. per sq. in., the effective depth 
required is about 3 in., but it is practical to make the footpath slab 5 in. thick, which gives 
d t =* 4 in. (f-in. cover) and l a « about 3$ in. 

Transverse reinforcement: A t % =■ — *=0*26 sq. in., say, |-in. bars at 5-in. 

• 18,000 x 3*5 J * 

centres. 

Longitudinal bending moment = 6ooo[(o*i5 X 0*22) -f o*i2]i2 = 11,000 in.-lb. 
Allowing 20 per cent, for continuity: net bending moment = about 8800 in.-lb. 

Longitudinal reinforcement: A $ t = -5 — = 0*156 sq. in., say, f-in. bars at 

0 18,000 x 3*125 ^ J 8 

8-in. centres. 

(iii) Another method is to calculate the transverse bending moment due to the concen- 
trated load by estimating the width of slab assumed to carry the load from the formula 

f(L -f B) + A = 0*67(77 + 11) + 20 = 79 in. = 6*55 ft. 

Load carried by 1 ft. of slab is - — = 920 lb. 

J 6*55 

Free transverse bending moment = ^^(77 — = 16,400 in.-lb.; reducing by 20 per 

per cent, for continuity, the net bending moment (after adding 2400 in.-lb. approximately 
due to the dead load) = 15,500 in.-lb.; this is about the same as calculated from Table 43. 

Longitudinal reinforcement in accordance with the requirement of the Ministry of 
Transport for distribution bars (see page 268) : for a span of about 6 ft., 50 per cent, of the 
transverse reinforcement, that is, f-in. bars at 10-in. centres are sufficient; therefore f-in. 
bars at 8-in. centres are satisfactory. 

(iv) Another method is an adaptation of B.S. Code method. From bottom left-hand corner 
of Table 43. 

e = 20 + [2*4 X f X 77(1 - f)] or = 20 + (o*6 X 77) = 66 in. = 5*5 ft. 

Free bending moment (symmetrical load) = -^^- ^77 — = 19,200 in.-lb. per ft.; 

reducing by 20 per cent, for continuity and adding 2400 in.-lb. for the dead load, maximum 
positive bending moment = 17,760 in.-lb., which exceeds slightly the bending moments as 
calculated by the preceding methods. 

(b) A panel of the deck slab of a bridge is 12 ft. 6 in. long by 10 ft. wide and is supported 
on all four sides and is fully continuous over all supports. Calculate the maximum bending 
moments due to a load of 20 tons symmetrically placed at the centre of the panel, the contact 
area being 3 in. by 24 in. 

Assume a slab 8 in. thick {d x = 7 in.) with 2 in. of tarmacadam. Loaded area, allowing 
for dispersion down to reinforcement, = 21 in. by 42. in [diagram (b) on page facing Table 42]. 

. LL 12*5 U 21 V 42 q rj. .. 

k — = — - = 1*25. v— » = 0*175; •=— = = 0*28. From Table 

Lb 10 L b 10 x 12 Ll 12*5 x 12 

42, m x » 0*18, m t — 0*13. Allow a reduction of 20 per cent, for continuity. For the uniformly- 
distributed dead load of about 120 lb. per sq. ft. (from Table 38) for h — 1*25, K'b = 0*45 
and K'l = 0*17. 

Bending moments (in.-lb. per ft. width). 

Midspan of shorter span. — 

Live load: 44,8oo[o*i8 -f (0*15 x 0*13)] x 12 x o*8 = 86,000 
Dead load: 0*45 x 0*100 x 120 x io*xi2 = 6,480 


Supports of shorter span. — Live load: As at midspan 
Dead load : 6480 x — 


Total : 

(Continued on page 218.) 



SPAN-AATIO ADJUSTMENT. I ECCENTRIC AHD MULTIPLE CONCENTAATED LOADS 


SLABS SPANNING IN TWO DIRECTIONS: RECTANGULAR PANELS.— TABLE 43. 

ECCENTRIC CONCENTRATED LOADS. 




Pino m, (Tm z poa 



Ji AND. X 

Lb l l 

m 


DESIGN B. MS •** 

m 


Mg ■ W(m|+*0'i5m^) 

n 

if 

Ml“ W(o-ismi-Hn^ 


— I— I LW PINO TOj AMD H»t POAJ- 

I W ? / l (iJu^lCUt+a^ANOY-V, 

I V / _JL AND MULTIPLY BYfa+X). 
l, — AND v-v, 

I TTt ufl'fT AND MULTIPLY BY X. 

1 NyN I T (ni)DFDUCT(iOfAQIlO). 

FOA DESIGN ANDITIf^lOAULTlPlIED wrffi 


U-2X AND V-V* 
AND MULTIPLY BY X. 



— 1~ I i FINO mi tf mi POA 

! 1 (i)U-UANDV-2(V|+y)i 

I | wm — -* AND MULTIPLY BY 

-^3 Cv.ty). 

“v fli)UMUANDv-iyj 
-i-J AND MULTIPLY BY> 

I (iil) DEDUCT (fi)FAOM(fll. 


(iii) DEDUCT (R)FAOM( 


FOA DESIGN B.MS.mi ANDmi-(iiOMlHTlPllED BY V 


fOA DESIGN 8. Ms. (Dt AN DTE; 


-r— . PIND m, cr m 2 , foa:- 

u w , Ci)a- i(u,tx> tc v - i<y, + u), 
i (I 7 ,. MtD HUnlPLV »Y(U,t5C(\Jtl)), 

> V- -{iQu- 2X AND V * 2u. AND 

sT'Wi . MULTIPLY BY XUV 

I !_L_j Hi 0H)li“TCU4+OC)&'V ? -2U. 

-I — -| 1-1 RND MULTIPLY BY U(Ui+x). 

x-luJ (iv)LL-2xerv-2M+y). 
"H^rH AND MULTIPLY BY X(V,+ y). 

FOR DESIGN B M3. SUBTRACT r(jli)+(lv)] FROM 

RO+OOj and multiply by(w + U|V»). 



I I I L b I |LbJ 

>) (»0 (c) 

CONTINUOUS OVEA SUPPOAT 




I Ib LijJ 

>T (f) (9) (h) (, 

mum ; NON-CONTINUOUS BUT nOHOUTBIC 
. WITH SUPPORT *• — 


k - IF IN CASES MARKED THUS + , f..-r£< TRAMSPOSf L B AND L 

• L B ’ ' L * (AND U AND V) 


CALCULATE BENDING MOMENTS IN EACH DIAECTION AS IP PAEELY SUPPOATED BUT j 
WITH ^ (o* k “ xf* "4 l*o). MULTIPLY BY THE FOLLOWING 

COEFFICIENTS TO GIVE THE DESIGN BENDING MOMENTS AT THE SPECIFIED SECTIONS. 
MIDSPAN: JNTEAIOA SPAN- 0*70$ END SPAN - 0-85 

SUPPOATS: END SUPPOAT - 0-25* I PENULTIMATE - 0*95 

I NTEAIOA (EXCEPT PENULTIMATE) - 0*90. 


ECCENTRIC LOAD (X<^L^ 

B MS (ON FPEEUY- SUPPORTED SLAB) X » Z + •£ U, 

MAX. B M. * ^[( , -r 8 X'-^ PER 'l wl °™- 


©T^zrjp^^o-f.) w ^— ©e=v,,.**0- 

W T7T *— IV I \ T- VV-v UN*WPP0RT»0 

S&j-P 


symmbtaical LOAp (x-jr L w ■ Z a). 

®e-v + o. 4 L 5 © e -t + v+o-5L B ® e-V + 0*3Lft 

B. M. (ON FREELY- SUPPORTED SLXEk). MAX. AT MIOSPAN * ^gC L B"2 U ) P6AFT. WIOTH. 
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SLABS SPANNING IN TWO DIRECTIONS ( continued ). 

Examples of Panels Supporting Concentrated Loads ( continued from page 216). 
Midspan of longer span. — 

Live load: 44,8oo[(o*i5 x o*i8) + 0*13] x 12 X o*8 = 67,600 
Dead load: 0*17 x o-ioo x 120 x 12*5* x 12 = 3,830 


Total — 71,430 

Supports of the longer span. — Live load: As at midspan = 67,600 

Dead load: 3830 x °- 12 ^ = 4,790 


Total a 72,390 

(c) Find the bending moments due to the live load in the position shown in diagram (c) 
(page 214) if the panel in (6) is not continuous over two of its adjacent sides, but is monolithic 
with the supporting beams on those two sides; continuity exists over the supports on the 
remaining two sides [Case (/) in Table 43 ;f t — 1 *o]. Adopt the procedure for Case IV, Table 43. 

(1) u — 2(21 + 39) =s 120 in.; v = 42 in. ; = — = 1; JL. — JL — 0*28; from 

Lb 120 Li 150 

Table 42, with k = 1*25, m x = 0*073 and m 2 = 0*063; these are the factors for a load of 
2 W 

( u i + *) on an area of 2 (u x -f %) by v. u x + x — 21 -f 39 = 60 in.; 

u 1 

m l (u l -f x) — 0*073 X 60 = 4*38; m 2 (u 1 -f x) — 0*063 X 60 = 3*78; 

2 W 

these are the corresponding basic bending moments 


(11) u =s 2 x 39 = 78 in.; v = 42 


u 78 , v 42 _ . 

in.; — = — 0*65; — = ess 0*28; from 

L b 120 L l 150 

2Wx 


Table 42, m 1 — o*io and m 2 = 0*088, these are the factors for a load of on an area 2X 

Ui 

by v symmetrically disposed at the centre of the panel. 

m x x ~ o*io x 39 = 3*9; = 0*088 x 39 = 3*43; 

2 w 

these are the corresponding basic bending moments . 

Ui 

(111) m l == 4*38 — 3*9 ss 0*48; m 2 = 3*78 — 3*43 = 0*35, these are the basic bending 
2 w 2 Wx 

moments for a total load of — (u x + x) — = 2 W on two symmetrically disposed areas 

of u x by v (as in Case II); the case under consideration, Case IV, is one half of Case II and 
thus the immediately preceding bending moments m x and m 2 must be multiplied by 

- X — ~ — to give the basic bending moments for the specified load ~ = 2140 lb. 

2 r u x 21 ^ 

per in. 

W 

Free bending moment across short span: M B ~ — (m x + o*i5w 2 ) 

u i 

— 2i4o[o*48 + (0*15 x o*35)]i2 = 13,650 m.-lb. per ft. 
W 

Free bending moment across long span: M L — — (0-I5WJ + m 2 ) 

u i 

= 2i4o[(o*i5 x 0*48) + o*35]i2 = 10,800 in. -lb. per ft. 

The maximum bending moments for the live load, allowing for continuity by using the 
factors given in Table 43, are: 

Shorter span. — Midspan: + 0*85 x 13,650 — + 11,600 in. -lb. 

Inner support: — 0*95 x 13,650 = — 12,950 in.-lb. 

Outer support: — 0*25 x 13,650 = — 3410 in.-lb. 

Longer span. — Midspan: -f 0*85 x 10,800 = -f 9180 in.-lb. 

Inner support: — 0*95 x 10,800 = — 10,250 in.-lb. 

Outer support: — 0*25 x 10,800 = — 2700 in.-lb. 

The bending moments due to the uniformly distributed dead load must be added. 



CIRCLE (DIAMETER* O) POLYGON ] 5 OCELES TRI ANG LE TRAPEI1UM 


SLABS SPANNING IN TWO DIRECTIONS: NON-RECTANGULAR 

PANELS.- 




i — | 


+tyt) 


CALCULATE B.Ms. 
AS FOR 
RECTANGULAR 
PANEL 
WITH 

i- &IL 


-TABLE 44. 


H 


L L k - . 

/“4(fx+^a 


— j K.fL JJ 1 

— “J * h — i 

IP €ui is 5MALL COMPARED WITH Cm ] apply RULES 

* V FOR TRIANGULAR 

OR Cxi ■ « * “ CX2J panel 



D fi = DIAMETER OF INSCRIBED CIRCLE » == == 

FREELY-SUPPORTED ALONG ALL EDGE$(0>RNERS RESTRAINED 
TWO DIRECTIONS AT CENTRE OF CIRCLE) » + 
CONTINUOUS ALONG ALL SID E5„ 

B. M(lN TWO DIRECTIONS AT CENTRE OF CIRCLE) - + 
B.M.(ATSlfcES) *- (jf.fl. 1 .. 

j / I W* INTENSITY OF UNIFORMLY-DISTRIBUTED LOAD 

4- 4- (OR INTENSITY OF PRESSURE AT CENTRE OF CIRCLE 

1 IF PRESSURE VARIES UNIFORMLY.) 


| FIVE OR MORE SIDES. Q ^ DIAMETER OF INSCRIBED CIRCLE — DISTANCE 
1 v v* ACROSS FLATS. 

/ / \ 0 o - DIAMETER OF CIRCUMSCRIBED CIRCLE 

D / Dp / \ ® DISTANCE ACROSS CORNERS. 

\ / / D e a i( 0 + D o) ** , ‘ 08D FOR HEXAGON 

Vc ^7 1-040 for octagon 

CALCULATE B.Ms. AS FOR CIRCLE OF DIAMETER Dg . 


LOAD W 
OH AREA , 
OF DIAM,a 



FREELY SUPPORTED AROUND EDGE. W£) 

M 7 ■ TOTAL POSITIVE B.M. ACROSS DIAMETER^ ^TT (• “ 
M A * AVERAGE P05.B.M. “ « *'5 I PERFT. 


reinfopceneNt 
TO RESIST ^ 
POSITIVE B.M. 


CONDHION 

AT 


5 *. PARTIALLY RESTRAIN 
*>S (continuous) 

I! -•*« 

3j 


OR M m »MAX.POS B. M. AT CIN7RE * 1*5 M 7 (APPROX.) PER FT. toBEPROVIDEO 
RESTRAINED AROUND EDGE.— NEG. B.M, AT EDGE Ma PER FT. IN TWO 

POS. B. M . - AVERAGE ACROSS DIAMETER - K M A PER Ft. 

OR MAX. AT CENTRE -KM-PERFT. n CH t-ANGIES. 



POSITIVE BENDING MOMENT NEGATIVE " R£sfsr NT 
AVERAGE ALTERNATIVE 6 i*!J 0, N£ f 2^ ENT NEGATIVE RM. 

:e across oiameter max, at centre around EDGE AROUND edge 

~7 “>D 2 wuroor UP 2 IV&mZ!.™ ‘ 

ED OF DIAMETER \Q AT CENTRE ^ H 

* if Max. post 

MfflKlD* . . wo 1 WD 2 . .PCR.FOO'T ®:"- l !“‘!S? E0 


POSITIVE BENDING MOMENT | 

AVERAGE 

alternative 

ACROSS DIAMETER 

MAX. AT CENTRE 

UJD 2 PERFOOT 

UlD 1 PERFOOT 

24 OF DIAMETER 

IG AT CENTRE 

tdP 2 « S 

(UD 2 

30 

20 “ * 

ttfD 2 . . 

ufD 2 

— (min)i « 

12" - - 


reinforcement 

TO RESIST 


FOBjREINF T 
E (or thickness 
OF SLAB) CAN 
BE REDUCED 
TOWARDS EDGE • 


For notes on this table, see page 34. 
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REINFORCED CONCRETE DESIGNER'S HANDBOOK 
FLAT SLABS. 


The notes on flat slabs in the following and the data in Table 45 are in accordance with 
the recommendations for the empirical method of analysis described in B.S. Code No. 114 
( 1957 )- 



Thickness of Slab. — The slab should be not less than 5 in. thick and the ratio of mean 
span L to the thickness should be not greater than the following. 

Internal panels. Without drops . . 36. With drops . . 40. 

Edge panels. „ „ . . 32. „ „ . . 36. 

Adjustment of Bending Moments. — If the width of the drop-panel is less than half 
the panel width, the total bending moment on the middle strip should be increased in pro- 
portion to the increased width of the middle strip, and the additional bending moment can 
be deducted from the total for the corresponding column strips. This adjustment ensures 
that the total bending moments along the principal axes are unaltered. In edge panels the 
bending moments should be increased to the values given in Table 45. 

Columns. — The diameter of the column head D {Table 45) should not exceed 0-25!.. 
The angle between the slope of the head and the horizontal should be not less than 45 deg. 
The diameter D of the head is the diameter 1^ in. below the underside of the slab; if the head 
is not circular, D is the diameter of the largest circle that can be drawn within the head. 
Exterior columns should be provided with as much as possible of the head prescribed for 
interior columns. 

Columns should be designed for bending moments equal to 50 per cent, in the case of 
interior columns, and 90 per cent, in the case of exterior columns, of the negative bending 
moment required in the column strip. The bending moment should be divided between the 
upper and lower columns in proportion to their stiffnesses. If the floor panels are cantilevered 
beyond the outer row of columns, the bending moment on the exterior column can be reduced 
by the cantilever bending moment due to the dead load. 



NO MOMENT DIAGRAMS BENDING MOMENT COEFFICIENTS 

AND GENERAL DATA. 


TOTAL B.M. , 
OH STRIP OF WIDTH * 


INTERIOR* PANELS 


FLAT SLABS.— TABLE 45. 


COEFFICIENT ^ 

.NELS | EDGE PANELS 


COLUMN STRIP 

MIDDLE STRIP 

COLUMN STRIP 

MIDDLE STRIP 

NEC. 

pos. 

NEG. 

POS. 

| NEC. B.M. 

POS. 

N EC. B.M. 

POS. 

B.M. 

B.M. 

B.M. 

B.M. 

INNER 

OUTER 

EDGE 

B.M. 

INNER OUTER 
EDOE 

B.M. 

0 

1 

0*022 

o 

6 

C? 

o 

o 

6 

0*046 

3- 

O 

6 

1 

6 

0*016 0*010 

§ 

6 


Ml 


* DISTANCE BETWEEN COLUMN CENTRES IN DIRECTION OF SPAN. 

L 2 » DISTANCE BETWEEN COLUMN CENTRES AT RIGHT- ANGLES TO L|. 

MAXIMUM RATIO OF L 2 (OR L 2 : L,) * I3. 

SQUARE PANELS • L- L t * Lfc. 
Ul - TOTAL OEAD LOAD PLUS LIVE LOAD PER UNIT AREA. 
m THICKNESS 1J ID-EFFECTIVE, /7^rd. d * THICKNESS OP SlAB CRITICAL 

OFOMP^(J^U^LHEAOU| X Z d C -4L5IN. , SICnONFC* 


CRITICAL j 
SECTIONS* 


(a) WITH DROP AND COLUMN HEAD. (b)WITHOUT DROP 6 r COLUMNHEAD. 
NOTE.- OTHER VARIANTS ARE BASED ON THESE TWO LIMITING CASES. 


DESIGN WITH DROP - PANELS AND COLUMN -FEADS DESIGN WITHOUT DROP -PANELS OR COLUMN -HEADS 




«rlc 

tl 




ij r | 

1 

r ns 


WTERlOR COLUMN — *■ 

♦ d- DIAMETER 

OF OOLUMN 

EXTERIOR COLUMN-*' 

w- EXTERIOR COLUMN 1 

OF COLUMN -HEAO 

*• INTERIOR COLUMN 


EXTERIOR PANEL | 

1 i 

INTERIOR PANEL 

NTERIOR PANEL 

EXTERIOR PANEL 

n yi ^ A 

^ i \ 
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REINFORCED CONCRETE DESIGNER'S HANDBOOK 

FRAME ANALYSIS BY SLOPE-DEFLECTION. 


Bending Moments. — The principles of the slope-deflection method of analysing a 
restrained member are that the difference in slope between any two points in the length of 

]\£ 

the member is equal to the area of the -=~_ diagram between these two points; and that 

Xli 

the distance of any point on the member from a line drawn tangentially to the elastic curve 
at any other point, the distance being measured normal to the initial position of the member, 

M 

is equal to the moment (taken about the first point) of the diagram between these two 

points. In the foregoing M represents the bending moment, E the modulus of elasticity 
of the material, and I the moment of inertia of the member. The bending moments at the 
ends of a member subject to the deformation and restraints shown in the diagram at the 
top of Table 46 are given by the corresponding formulae which are denved from a combination 
of the basic principles and which are given in the general form and in the special form for 
members on non-elastic supports. 

The symbol K is the stiffness factor, the stiffness is proportional to EK, a term in 

the formulae, but as E is assumed to be constant the term which varies in each member is K. 
The terms P and Q relate to the load on the member. When there is no external load the 
factors P and Q are zero, and when the load is symmetrically disposed on the member 
A A 

P = Q = — . Values of P, Q and are given in Table 18. 

The conventional signs for slope-deflection analyses are: an external restraint moment 
acting clockwise is positive; a slope is positive if the rotation of the tangent to the elastic 
line is clockwise; a deflection in the same direction as a positive slope is positive. 


Examples of Use of Tables 46 and 49. 

(a) Derive the formulae for the bending moments in a column CAD into which is framed 
a beam AB. The beam is hinged at B and the column is fixed at C and D (see diagram in 
Table 46). The beam only is loaded. Assume there is no displacement of the joint A. 
Selecting the general formulae from Table 46, 

Q**a \ 


2 ) 


Mac — ^EKacQa- 


M A b — 3 EKabOa — (Pab 4 
Therefore M A b 4 Mac 4 M A d = E9a{3 k ab + 4 k ac 4 4 K A d) — ^ Pab 4 


M A d — 4 EKadOa- 


Qba \ 


Thus 


1 ?Q . _ Pab 4 - °*5 Qba nnA A/r 4 K A c(Pab 4 0-5 Qba) 

EvA _ tt _ _ , , rs' 1 . rs . * an d M AC „ ix . 1 . ix 


2 / 


Kad 


3 Eab 4 4 Kac + 4 Kad 


Mad - j^ M Ac; M A b = - ( M AC 4 Mad); 


Me A - 


2>Kab 4 ^E-ac + 4 Kad 
2 EK ac 6 a = M da =o- 5 M ad . 


Qba 


Mac " 


6Kac A A b 

3 Kab 4 4 K A c 4 ^K ad Lab 


For symmetrical load, Pab 4 
(See also numerical example in Table 47.) 

(b) Find the bending moments in a rectangular portal frame ABCD subjected to a hori- 
zontal load W = 5000 lb. at B (that is, a =* 1, z x = o, and N = o), if H = 12 ft., L = 10 ft., 
and R = 1, if the frame is fixed at A and D. 

From Table 49, 

H d — 0*5 x 5000 = 2500 lb. ; therefore H a — 5000 — 2500 = 2500 lb. 


Also K % — 7, and K A = 4; C x — o; M A = M D — C 2 = — - — (5000 x 12x4) = 17,150 ft.-lb. 

2x7 

(anti-clockwise restraint moment); M B = M c — (12 x 2500) — 17,150 == 12,850 in.-lb. act- 
ing at the head of the column of the frame in opposite sense to Mb • 



FRAMED STRUCTURES: BASIC DATA. — TABLE 46. 


8AS»C FORMULA 

(SLOPS DEFLECTION^ 


O m ab(nk) 


EXTERNAL 
LOAD [ 


B.M. DUE TO RESTRAINING 

moments 


ORIGINAL POSITIOK 
rOF AB 


JLOf*te A (fOtmVE)| f 
^ t — — — __ deflection N \ 


i m 


| SLOPE e p (PQSlTlV6)f 


rfCPOMT.VE) 

a I FREE B-M. 

r -4— 1 COMBINED E.M. / V g* {ftgft? 

* DIAGRAM. FOr. LOAD* 


m ab - 2EK AB (2e At e 6 - ft) - p ^ 

M»x=2EK AB (2e B+ e A - ft) + Q 


THE SUFFIXES AB RELATE TO JOINT OR SUPPORT A OF ANY MEMBER AB) SIMILARLY FOR OTHER 

„ BA « *» w B ” M ABJ MEMBERS BC, AC, BTC 



L ab « LENGTH Of MEMBER AB 

IAB" OF INEW1A(G0NCRETE UNITS) OF AB 

K A a«* STIFFNESS FACTOR OF AB = -^AB- 

lab Qba 

E * Young's modulus for concrete 

0 A » SLOPE OF DEFORMED MEMBER AB AT A. 

WITH NO LOAD ON AB* P*®* C?ba“ ° ^ 


PAB® 'lJ“( 2 - L R6" 3I Ab) 
<?BA= La*) 


ABJ MEMBERS BC, AC, BTC. 

N J FOR SYMMETRICAL 
load on A6 


AB xA L A B 


DISTANCE FROM A TO CENTROID OF FREE 
B. M. DIAGRAM FOR LOAD OH AB. 




iEK^e A+ 0 B )-p AB 

2 t\»V P« 

“ P AB 




« K > B +e H 

4EU + «^ 

+ ‘^BA 

ZERO 

XERO 



M £KrC AaB ^Ae. AaB K AC n T^AC ft » 

* ZK^+IK^K^ 3K w .+5K m +2K ( L a b V+K ad tK ab J 4^4^!^ «W*IW4\t 


K.n / . \ )F FIREDATC; M C A- O'SM^jETC. 

^AD b |^ ac * ^AC ^A8 b ~0*Vc.*^At) AT HINGES T B.M.» O 


B.M. IN EXTERNAL COLUMNS Of BUILDING FRAMES (0. S.CODE) 



( B, S. COPE ) 

P'TD 

LOAD Ni UWO 

' * WA B 


Pas - Qa 


AC K AC + K AD + *AB + ^AB 

Tw MAft 


N ft5 /dead} /chad} whichever 

VtLVEy VONLY/, j 57HC 

OR Q ae - P ab orimsr 

/DEAD} /DEAD} 

\uivt y voNtvyy 

SS THAN B.M. ASSUMING KNIFE-EDGE'} 
SUPPORT FOR BEAM EAS AT A. / 


/ Ma* AND M^r ARE IN ALL CASES LESS THAN B.M. ASSUMING knife-edge'} 
,n /sw " SUPPORT FOR BEAM EAS AT A. / 


Note. — F or values of Pab and Qab see Table 18. 
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TABLE 47. — FRAMED STRUCTURES: MOMENT-DISTRIBUTION METHOD. 


© CONSIDER EACH MEMBER A* FIXED ENDED; END MOMBHTI (F » CL) DUE TO EXTERNAL LOADS |liW 
OH OIVEN MEMBEA CAN EE DEAIVEO FAOM • OR CALCULATED . (J ^ 

CONVENTION OP EIONE FOR 6.M. > RESTRAINING MOMENT CLOCAW1SE ■ POSITIVE. 

IP SYMMETAlCAL IOAO, F^-F^ ££&L££. MUI A - A. 

IP NO EXTERNAL LOAD, F AI • F|* a ZENO. W 

© WHERE TBPO OR MORE MEMBERS MEET, SUM OP B M« AT JOINT a ZERO (pOA EQJJILIIaKjm) 

Le ^ m ac + *'V‘*‘- o. load 

SINCE XF (* 18 UNLIISEIY TO EQUAL ZERO, A BALANCING- \ 

MOMENT a — XF MUST BE INTAODUCED AT A. g/ 

© THE BALANCING MOMENT IS DISTRIBUTED BETWEEN THE MEMBEAS MEETING AT A IN PROPORTION 

TOTHEIA RELATIVE STIFFNESSES (A* ■£«) BY MULTIPLYING -XF BY THE DISTRIBUTION- FACTOR fD) 


^ &t\ WAG 
POA PAEB 
SPAN 



''AC , rv 

if-: tie. 2 D 


AT PAEE END 
AT FIXED END 


POA EACH MEMBEA. _ *AB . - JV_. . * n , . . n AT PAEE END D * 1*0 

Da»*Tk ' D AT a Tk ITC. XD s 1*0 ^ 

M Zt\ AC XA AT FIXED END D ■ 0 

DISTAIBUTED MOMENT FOR AB a D AB (- XF), ETC 

I EFFECT OF APPLYINO DISTAIBUTED MOMENT AT ONE END OF MEMBEA , IS TO PAODUCE A MOMENT OF NAIF TMt MAGNITUDE BUT 
THE SAME SIGN AT THE AEMOTt END (TEAMED CAAAY-OVEa) . THUS DISTAISUTED M0MIHT- XF‘0^ APPLIED AT A 
ON AB, PAOOUCES MOMENT OF ~ 0*5 XF * D AB AT B . 

| THE CAAAY-OVEA MOMENTS AT A FAOM THE DISTAIBUTED MOMENTS AT B, C, D, ETC, WILL PAODUCE FUATNIA UNBALANCED 

MOMENTS AT A, WHICH MU6T BE DISTAIBUTED AND THE CAAAY-OVEA PAOCESS AEPEATED . THESE SUCCESSIVE OPEAATIOHS 
AAt AEPEATED UNTIL THE UNBALANCED MOMENT IS NEGUOIBLE • (&EE EXAMPLE BELOW). 


EXAMPLE (THIS EXAMPLE IS WORMEO BY SLOPE-DEPLECTIOH AND BY MOMENT -DISTRIBUTION.) 
ASSUME-- FOA SYMMETAlCAL UDAD ON AB, VALUE OP •£ * 24,000 PTrlB. 

RATIO OF STIFFNESS FACTORS!- K c «-|-Ai 

FOAMULA OEAIVED FAOM KQP S ,- A 


4V4V 5 *» 

Mad » “ sO 3 ' 7 ’*) * + 6.8*7 FTfLB - m da c i^AD “ + M28 FI-LB. 

Mab - * Mac“ Mad *-(^714 + «.8»7) - -20,571 PM8. k ca a \ Mac * + MS7MHA 


— a •— X 24iOOO a * 13,714 FT-LB. 

3R« - • 


BY MOMENT -DISTMBUTION. 




DISTMBUTION FACTOAS(P) 
‘FIXED END B. MB. (F) 
1ST. DISTMBUTION 
1ST. CAAAY-OVEA 
2ND. OlSTMBUTlON 
2ND CAAAY-OVEA 
3 aD. DISTMBUTION 
3aR CAAAY-OVEA 
4TH. OISTAIBUTIOH 


NOTE: AFTER 1st DISTAlBUTIOtf 

» 2na * 

» 3 MX ■ 

* 4th. 


1 . d _ 1 
T * °Aa*T 




"ab 




h 

% 

0 

1-0 

- 24.000 

O 

O 

+24,000 

+ 12,000 

+ 4,000^ 

- O 

-24.000 

- 12,000 

6 

M- 2,000 

+ 6,000 

+ OOOO 

+ 2,000^ 

_ O 

- 6,000 

- -3,000 

0 ^ 

s + 1,000 

+ 3,000 

+ 1,500 

+ 500^ 

— 0 

- 3,000 

- 1,500 

" O 

N- 2.50 

+ 750 

+ 760 

4- 250 

0 

- 760 

- 20,250 

+ 6J50 

+3,250 

0 



m - 12,000 FT. LB' 

a - 18,000 » » 

• - 19,500 « » 

* - 20,250 » » 


ACCUAACY INCAIASES WITH INCAEASE IN NUMBER 
OF DISTAIBUTION OPEAATIOHS, BUT RESULTS AAE 
NORMALLY SUFFICIENTLY ACCURATE AFTER TWO DISTRIBUTIONS 
FOA BEAMS (SEE IllBLf N* Ua)aHD FOUR FOA OTHER CASES. 


. 6TH -yQgJx. - 2Q437 . .J ** BEAMS (SEE TABU Hi Ua)aND FOUR FOA OTHER CASES, 

ETC. COMPARED WITH M AI a -20.571 PTrLB. SY SLOPE DEFLECTION. 


Notes. — *F(= CL) can be derived from factors in Table 18 . 

See Table 46 for formulae for slope-deflection method. 
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FRAMED STRUCTURES: THREE-HINGE PORTALS. — TABLE 48. 




STMSS IN 111 AOD • 


Ha+ Hb 

~ “7 GlE c I 
^VUtfh ) 3 


RiiklOi 


~|h =7 H A* H B' V A^ V e • Motions fON l-MINOI PAAME WITHOUT 

. =7 TIE*AOD* H A CrH* ASSUMED ACTIHO INWAADS; 

| v ^ NEGATIVE IP ACTING OUTWAPSDS. 

I 7~ fu'-H -Tfi E c - El AST 1C MOOUIUS OP CONCAETE { Es'OITTO POATIf-AOD. 

1 5 LO. ' ‘V At*,- NOAMA l CAOSS SECTIONAL AAEA Of TIE AOD. 

, A 1 ,*- MINIMUM DITTO. 

V b" V e I • MIAN MOM.Of I NE MIA ^COHCAETE UNIT^Of PAAME. 

THREE-HINGE f P> AfME W 1TH TIE ROD 
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TABLE 49.— FRAMED STRUCTURES: HINGED AND FIXED PORTALS. 
GENERAL CASES. 



K 7 =K+3tf(3+f) 


K l0 =3K+f(4f\+l) 


12 +/ 2 (4P>+l) 

Ns=P>- , -f(2f > * +l ) 

IV»Pv-f( 3 + 2 f) 


s H o =| - s ^r[( | - b8 ) R+| ] 

g M 6 = WoL- H a H M c = h a h 
* Vo= oW M A = Ko= O 


„ ■WqL(5+2f7+ 6(1+1, f)N 

4HIS 7 

M c =0-BWoU-H A H(l+f) 





2H k„ V t .t[WH(l+a)-M E -M A ] 

M c =0.5[wH(l+a)-M A +Mj-H E H (l+f) M e = H A H -M A 


£ M *\ _ | 


"sjf WVrNiOf 



WHEHAWO^ .. __ OLW t. « 

HtHCEO AT C H A “-2 hTT+7T M C* 0 V 6 

~ ~ gWoL R(l-b‘)+2+f M, 

H * 4H f(5+fj+3+R m 

Mc«0-5WaL- H A H(l+f) 


M„ = H a H M=M g .O 


FOrSMUU* APPLY TO ANY TYPE OF LOAD EXCEPT CASE5Q0 AND C0 ) AND GIVE NUMEMCAL VALUES OF FRACTIONS 
AND MOMENTS! SEE LOADING DIAOAAMS FOP. 0IA6CTION OF ACTION. 

CEMTAE OF GAAVITY OF TOTAL LOAD >*M& AT OL OA 0*f . , . . , 

C6NTAQID OF FA El S.M.DIAGmAM IS AT Z,LOA Z,H, OA 2, + H.OA tk FAOM l.H. S. (VIATICAL LOAD$ OA tOVIA SUPPOATtaONZUDAK 


Notb. — F or values of ^ etc.^ see Table 18. 


For example of use of this table see page facing Table 46. 
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FRAMED STRUCTURES: HINGED AND FIXED PORTALS— TABLE 50. 

SPECIAL CASES. 


loading 



FIXED AT AANDDOoRE) 



WL 

,, WL 

Ha - H0-4RK3 

Va - V D - 5 W 

WL 

Ha" h d- IrK 7 
Va“ V d - fcw 

M b - Me- H a H- -jrr 

M. « M_ m — L_ 


h a“ H 0 " 8HK} 

v A -v 0 -iw 

M #“ M C- H A H * 8 K s 


VoC— Va)= nr 


Me- H 0 H=S^( 


Va-v d - iw 

s$j- 

«V Mo* 



H A «WH(l+f)-H E 



lima 


FOAMUUS GIVf NUMintCAL VALUE ft 01* AS ACTIONS AND MOMENTS*, SEE DIAGRAMS POft PIUEC-TION OF ACTION 
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NOTES ON FRAMED STRUCTURES. 

Ratio of Moments of Inertia of Members of Frames. — In the formulae for the 
bending moments on the members of framed structures, only the relative stiffness factors 
of adjacent members are required, that is the relative moments of inertia are required. The 
following examples show the accuracy of various methods of comparison. (#»=* 15.) 



< p ) Rectangular beam tel soumze oolumn bending 

ABOUT X.X (compression 
only) 




• • 
\» •/ 

1l! 

, — IfiL-J 



(o') OCTAGONAL COLUMN 
(coMpeevsrfONi only) 


(1) Find the ratio of the moments of inertia of the column in ( b ) and the beam in (a). 

(i) Complete concrete areas only. — j~ ~ 8 ~x* 78 * ” 1 08 ' 

(ii) Stressed areas only. — Column: Concrete, 0*083 X x 5 4 = 4210 in. 4 

Steel, 14 X 3*14 X 5 ’ 5 * « x 33 ° >> Ic = 55 4 ° in - 4 

Beam: Concrete 0-33 x 8 x 8 s = 1360 ,, 

Compression steel, 14 X 1-33 X 6-5*= 790 ,, 

Tension steel, 15 X 2-36 X 8-5* = 2550 „ I B = 4 7 °° * n - 4 

lH -= = 1*18. (Compare with 1*08.) 

I B 4700 

(2) Find the ratio of the moments of inertia of the beam in (a) and the column in ( c ). 

(i) Complete concrete areas only.— From Table 64 the moment of inertia of an octagonal 

m , Ic 0-055 x 18 4 

section is o-o 55®*. Therefore j- = ^ g x - t T> = *' 49 ' 

(ii) Stressed areas only: Ic [by calculation similar to (i)] = 6780 in. 4 

I B as calculated in (1) = 4700 in. 4 = 1-44. (Compare with 1*49) 


Columns in Buildings: Approximate Method.— For pre- 
liminary calculations for the design of columns in a multiple-story 
building frame, it is often convenient to design for resistance to 
direct load only and to allow for the effects of bending either (1) by 
decreasing the maximum stresses, or (ii) by increasing the load to 
a value which is equivalent to that producing the same stresses as 
would occur if the actual load and bending moment were combined. 
The factors in the accompanying table apply to method (ii) and 
are applicable to most normal building frames. The diagrams 
indicate arrangements of beams supported by the column. 

Example of Use of Table 51. — Fmd the approximate bending 
moments and forces in the columns of a gantry ; the vertical load 
on each pair of columns is 100 tons, and the horizontal wind 
load is 5 tons. The height of the columns is 48 ft. braced at 
top and bottom and with intermediate braces at i2-ft. centres; 
the distance apart of the columns at the base is 20 ft, ; thus 
P = 5 tons; W = Jx 100 sa 50 tons. H = 48-0; h — 12*0; D = 20*0. 


EQIVALENT DIRECT 
LOAD ON COLIMH 

TO ALLOW FOR D1NDW6 
OH COlMSAOUtVALEHT 
DIRECT LOAD 
»FX (LOAD BASED OH J 
STATIC REACTIONS 


lansfsa 


+ 

4 - 

4-1 


bO 

14-5 
<cO I 


bO 

2’0 

2-3 


bo 

U 4 

1-8 


Bending moment on columns at junction with brace, ** - - 1 — - = 15 ft. -tons. 

4 

Bending moment in brace at junction with columns, 2 x *5 — 3° ft. -tons. 

2 x 30 

The shearing force on the brace (constant throughout length) — — — — = 3 tons. 


The vertical load on the leeward column is 50 -f 


5 X 48 


62 tons plus the dead load 


of the column and half of the braces. The vertical load on the windward column is 
50 — . ft— i? .*3 jg tons plus the dead load of the column and half of the braces. 
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FRAMED STRUCTURES: EFFECTS OF LATERAL LOADS.— TABLE 51. 



SHEARING FORCES. 

ON COLUMN Q ( 

ON BRACE 

ASSUMPTION- BOTH COLUMNS OF SAME SIZE 
ANDVERTICAL OR NEARLY VERTICAL. 


(A).- OPEN BRACED TOWER 


R 


fV 


PHac r ~ yyj<x. ^ v*hilj + Vkax. 

: in^ 

I w » MOMENT OF INERTIA OF AN^ COLUMN IT 
P (COLUMNS OF DIFFERENT SIZES.) 

N - TOTAL NUMBER OF COLUMNS 5UPP0RT1NGSUPERSTRUCTURE 
SHEARING FORCE ON COLUMN n • Q n ~ ”^p - 

|F ALL COLUMNS ARE SAME SIZE*. M r « £!l . 

2 H 

(b),- SUBSTRUCTURE OF SILO ( OR SIMILAR STRUCTURE) 

s ,b, 

lFIT - 

~r 



ASSUMPTION.- EXTERIOR COLUMN SUBJECTED TO HALF SHEARING FORCE ON INTERIOR COLUMN. 


N T - TOTAL NUMBER OF COLUMNS IN FRAME. 

P.fc, 




E n -i p + ^ p 


n t -i 


(t")> M Bn“'*( r V M n+i) 


EXAMPLE WITH N t - 4-.” - -pjjr-j M 2 -(P l + iP 4 )^; M s - (p, ♦P 1 .+ 4 M s )^> tTC. 

"el* 8 S", i Wbz-s( M ^ M 2)5 M B3*4( M 2 +M 3)^TC. 
(C).- FRAME OF MULTIPLE- STORY BUILPINO. 


Note. — E xplanations of the effects of wind forces (or other lateral loads) on the types 
of structures illustrated in Table 51 are given on page 40. 

229 




230 


REINFORCED CONCRETE DESIGNER'S HANDBOOK 
ARCHES. 

Two-hinge Arch. — Referring to the diagram in Table 52, there is no bending moment 
at the springings of a two-hinge arch. The vertical component of the thrust at the springings 
is the same as for a freely-supported beam ; the horizontal component H is as given by the 
formula in Table 52, in which M x is the bending moment on a section at a distance x from 
the crown considering the arch as a freely-supported beam, that is M x is a9 given by the 
corresponding expression in Table 52. The summations TM x ysi and 2 y*$ 1 are taken over 
the whole length of the arch. The formula for H allows for the elastic contraction of the 
arch. A is the average equivalent area of the arch rib or slab; s is the length of a short 
segment of the axis of the arch or slab; the ordinates of s are x and y as shown in Table 52, 

and if I is the moment of inertia of the arch at x, sj = j. The bending moment at any section 

is M x = M — Hy. 

The procedure is to divide the axis of the arch into an even number of segments and to 
calculate the value of H. The calculation can be facilitated by tabulation of the successive 
steps. The total bending moment need only be determined generally for the crown [x = o, 
y = R) and the first quarter-point (x — 0*2 5L). The bending moment M e at the crown is 
the bending moment for a freely-supported beam minus HR. For the maximum positive 
bending moment at the crown the sum of the values of M c for all elements of dead load is 
added to the values of M c for only those elements of live load that give positive values of 
M e . For the maximum negative bending moment at the crown the sum of the values of M e 
for all elements of dead load is added to the values of M e for those elements of live load only 
that give negative values of M c - The bending moment at the first quarter-point is the 
bending moment for a freely-supported beam minus Hyq, where y Q is the vertical ordinate 
of the first quarter-point. The bending moment is combined with the normal component 
of H. 

For an arch of large span it is worth while drawing the influence lines (W = 1) for the 
bending moments at the crown and at the first quarter-point. 

Approximate Determination of Thickness of a Fixed Arch. — Referring to the 
diagram at the top of Table 53, draw a horizontal line through the crown C, and find G, the 
point of intersection with the vertical through the centre of gravity of the total load on half 
the span of the arch. Set off GT equal to the dead load on the half-span, drawn to a con- 
venient scale; draw a horizontal through T to intersect GS produced at R. Draw RK per- 
pendicular to GR, and GK parallel to the tangent to the arch axis at S. With the same 
unit of weight used in drawing GT, scale off TR, which equals He, and GK which equals K5. 
If c is the maximum allowable compressive stress in the concrete, d is the thickness of the 
arch at the crown, d, the thickness of the arch at the springing, and b the assumed breadth 

of the arch (12 in. for a slab), then approximately d — and d 8 = 

The method applies only to spans from 40 ft. to 200 ft., and span-rise ratios between 
4 and 8. The method does not depend on knowing the profile of the arch (except for solid- 
spandrel earth-filled arches where the dead load is largely dependent on the shape of the 
arch), but the span and rise must be known. With d and d 8 thus approximately determined, 
the thrusts and bending moments at the crown, springing, and quarter-points can be deter- 
mined and the stresses on the assumed sections calculated. If this calculation shows the 
sections to be unsuitable, other dimensions must be assumed and the calculations reworked. 

Stresses in a Fixed Arch of Any Profile. — The following method is suitable for 
determining the stresses in any symmetrical fixed arch if the dimensions and shape of the 
arch are known, or assumed, and if the shape of the arch must conform to a specified profile. 
Reference should be made to page 44 for general comments on this method. 

On half the arch drawn to scale, as in Table 53, plot the arch axis. Divide the half-arch 
into a number n of segments such that each segment has the same ratio sj of length s to mean 
moment of inertia I based on the thickness of the arch measured normal to the axis, allowance 

being made for the reinforcement; sj = j. 

The ordinates x and y about the axis of the arch at the crown are determined by measure- 
ment to the centre of the length of each segment. Calculate the dead load and the live load 
separately on each segment. Assume the loads act at the centre of the length of each seg- 
ment. In an open spandrel arch, the dead and live loads axe concentrated on the arch at 
the positions of the columns; these positions should be taken as the centre of the segments; - 
but it may not then be possible to maintain a constant value of sj, and the value of sj for 
each segment must be calculated ; the general formulae in Table 53 are then applicable. 

{Continued on page 232.) 



ARCHES: THREE-HINGED AND TWO-HINGED ARCHES. — TABLE 52. 


THREE*- HINGE ARCH 


TWO-HtNGE ARCH 


THREE-HINGE ARCH 
INFLUENCE LINE FOR SECTION AT OC 


TWO-HINGE ARCH 


0M.ATDC: SM x ^5 t 

HORIZONTAL THRU5T1 H * (Ey Z Sj) + L /a 


UNSYMNETRICAL THREE-HINGE ARCHES. 


REACTION TOAMUL/f FOf\ CENEAAL CASE (c):- 

v *=2‘['- %H£] Q * ,ne + T^b Qsine + 0^iP, C (4- b ) Qcose - 

v B~-£fcX x<)sin9 + K t , -T^bJ c?iin9 + 

H *7PS^FP’“^* X<,S!,,S + a I e CxQ5ine J + 7Vb^^- b ) Qcos ®“^0' i F^ i J^ oi 

K »-CTic-<^ !i " 9t * 5;*Q.(noj « - r, e- 


Note. — See facing page for explanation of symbols in, and notes on, the expressions 
for two-hinge arches. 
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ARCHES ( continued ). 

Stresses in a Fixed Arch of Any Profile {continued from page 230). 
For constant values of s/, the effects at the crown are as follows. 


H c * 


nEMiy — Ey.EM^, 
2[nZy x - (J&y)*] ; 


V c * 


EM lx 


M c * 


EMl — 2 HpEy 


2 Ex' 

The summations are taken over one-half of the arch. The term Ml is the moment at the 
centre of the segment of all loads between the centre of the segment and the crown. Summa- 
tions are also made for the loads on the other half, for which Vc is negative. 

Due to elastic shortening of the arch due to He: 


HcnE-. 


HcS = 


Mcs — — 


HcsEy 


sdnEy * - (Ey)'] ' 

in which A is the cross-sectional area of the segment calculated on the same basis as I. 

Due to a rise (-f t) or a fall (— /) in temperature: 

Hot M nEc ; M C t = — - C - T -^ 

CT 2s,[n£y‘ - (Ey)']’ CT n 

in which l is the length of the arch axis. Arch shortening due to Her is neglected. Shrinking 
of the concrete is equal to a fall of 15 deg. F. 

The procedure for applying the foregoing formulae is to calculate {He — Hcs), Vc, and 
{Me — Mcs) for the dead load. Calculate separately Hct and Mqt for a rise and fall of 
temperature of 30 deg. F. (or any other suitable amount) and separately for shrinking. Cal- 
culate {He — H C s) and (Me — Mcs) for the live load (reduced to an equivalent uniformly- 
distributed load) which, for the purpose of finding the maximum bending moment at the 
crown (and the corresponding horizontal thrust), should be considered as operating on the 
segments in the middle-third of the arch. (By considering the effect of the live load on one 
segment more and one less than those in the middle third, the number of segments that should 
be loaded to give the maximum positive bending moment due to live load at the crown can 
be determined.) With the live load only on those segments which are unloaded when cal- 
culating the maximum positive bending moment, the maximum negative bending moment 
at the crown due to the live load is obtained. These maximum bending moments are then 
each combined with the bending moments due to dead load and arch shortening, and with 
the bending moments due to change of temperature and to shrinking, in such a way that 
absolute maximum and minimum values are obtained. The corresponding thrusts are also 
calculated and are combined with the appropriate bending moments to determine the stresses 
at the crown. 

The bending moment at the springing due to a load at a point between the springing 
and the crown of the arch and at a distance aL from the springing {L being the span of the arch) 
is 

M s = (M c - Mcs) + {H c - H CS )R + 0-5 LV C - WaL, 
where R is the rise of the arch. For the dead load the values determined for the crown are 
substituted in this expression, with the term WaL replaced by EW{o^L — x). To give the 
maximum negative bending moment at the springing, the live load is considered as acting 
only on those segments in the part of the arch extending 0*4 of the span from the support. 
(As before, the effect of the live load on one more and one less segment should be determined 
to ensure that the most adverse disposition of the loading has been considered.) By loading 
only those segments that are unloaded when finding the maximum negative bending moment, 
the maximum positive bending moment is obtained. These maximum moments are each 
combined with the bending moments due to dead load, temperature, and shrinking to give 
the most adverse combination, and the stresses at the springing are obtained by combining 
the bending moments and normal thrusts. 

Thrust normal to the section at the springing: Ts = {He — Hcs) cos j> + Fs sin <f>. 

Vertical component of thrust at springing: Vs — [total load on half arch giving the 
appropriate value of {H c — Hcs)] minus [Vc corresponding to (He — Hcs)]- 

Shearing force at crown = maximum value of Vc due to any combination of dead and 
live load. 

Shearing force at springing = (He — Hcs) sin <f> -f Vs cos <f>; the values of (He — Hcs) 
and V g are those due to the incidence of dead plus live load that gives the maximum value 
for the shearing force, which is generally when the live load extends over the whole arch. 

Quarter-point (xq — 0*251. from the crown). — Bending moment due to a single load 
W placed between the section and the crown at a distance {xq — x') from the section : 
Mq Me Hcyq 4 * Vcxq — W{xq — *')• The procedure is then similar to the analysis 
of the section at the springing. 



ARCHES: FIXED-END ARCHES. — TABLE S3. 


CENTO* Cm 

SUAVITY^ 


DEAD LOAD 1 


Jr 


A*?CH AXIS 

A 

a? ' 

w 


i 

// . 


SF»AN 

w 




%- — - — 

T / 

'A 

APPROXIMATELY CORRECT FOR 



SEGMENTAL OR PARABOLIC ARCH. 


TJa'v™ /Iax” 


0 * 4 - 1 - 

I i 

tz 

til u 


0-4L 

\qA>l 



'i : 


,L/3 

L/S 

W* 


1 

L 



t m RISE OR FALL OF TEMPERATURE 

0 » coefficient of linear 

EXPANSION PER DEO. F. 


'springing, first quarterpoiht. crown. 

L - SPAN OF ARCH. 

€ - LENGTH OF ARCH AMS. 


a c 

'OThT- 

' uV c 


m l »[x-LCo- 5 -a$W. 


LOAD WON LEFT-HAND SIDE : 

u *. Zsi EM l ^s i — £ysi E M l si 

c iUZsisV^-Csys^j ’ 

TEMPERATURE AND SHRINKING: 


ARCH SHORTENING? 




E Ml Sj - * 2 He £ y Sj , 

! 2 .ZSr ’ 

Hot Si . E c - ELASTIC 

5fTT MODULUS OP 

1 CONCRETE 

HesEy Sx 
E si 


< SUMMATIONS ARE TAKEN OVER LEFT-HAND HALF OF SPAN; NOTE THAT SUMMATIONS 

INVOLVING MlONIY INCLUDE SEGMENTS WITHIN ah. 

Z AT CROWN. NET THRUST « HUH c + H ct + H C $ /NOTE SIGNS OF\ 

iu NET B.M. - Mc-Mc+Mcrf* M C s > H AND M. / 

o AT 5 PRINGINGS. M $L « Mi*h H^R-h 0*5 LVc - WctL$ Vsl- W- V c 

MsR«Mc+HL*-0-5LVc5 V $R* V C> H si -Hsr-H}:. 

Tsl- H 6l cos0-t-V 6t ,sin<£; T sf >«H s *<tts0 + V s **m#. 

AT ANY SECTION OCq FROM CROWN. , ^- aNT / INCLUDE W-TIRMN 

IN LEFT-HAND HALF: M^+ HcIJq+ VcOCq- W[X^“ l.C 0 5 * ^ CmYIF WITHIN 

Hq*» He? Vo * V c - W. ^ 

IN RIGHT- HAND HALF: ^QR*^ 4 -Hcyq- V c X^*, H qf ^H£;V qR «V c 


Note. — F or explanation of the approximate method of determining the size of a fixed 
arch, see page facing Table 52. 
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FIXED PARABOLIC ARCHES. 

Reference should be made to page 45 for comments on the method of analysing a fixed 
parabolic arch as given by the data in Table 54. The formulae, basis of the coefficients, and 
an example are given in the following. 

Dead Load and Elastic Contraction. — Horizontal thrust due to the dead load alone, 

H — ft - in which wa — dead load per unit length at the crown; L = span, R — rise of 
Jti 

the arch axis. — The coefficient K x depends on the dead load at the springing, which varies with 
the ratio of rise to span and the type of structure, that is whether the arch is open-spandrel 
or solid-spandrel, or whether the dead load is uniform throughout the span. 

Elastic contraction produced by the thrust along the arch axis (assuming rigid abut- 
ments). — The countef- thrust Hd, while slightly reducing the thrust due to the dead load, 
renders this thrust eccentric and produces a positive bending moment at the crown and 
a negative bending moment at the springings. If d is the thickness of the arch at the crown, 

**--*•&)*• 

in which the coefficient k t depends on the relative thicknesses at the crown and springing. 

Due to dead load and arch shortening, the resultant thrusts He and Hs at the crown 
and springing respectively, and acting parallel to the arch axis at these points, are 

He — H — Hd', H s - H D cos 

cos <p 

in which <f> is the angle between the horizontal and the tangent to the arch axis at the springing. 
Values of cos <f> are given in Table 54. 

Bending moments due to the eccentricity of He and H s'. Mc~k z RHj)\ Ms={k z — i)RHd. 

Effect of Change of Temperature. — Additional horizontal thrust due to a rise in 
temperature or the corresponding counter- thrust due to a fall in temperature: 

Hr=± A.(|)V 

in which t is the rise or fall in temperature in deg. F. If d and R are in feet, H T is in lb. per 
foot width of arch. The values of k t in Table 54 are based on an elastic modulus for concrete 
Ec of 2,000,000 lb. per square inch, and a coefficient of linear expansion e of 0-0000066 per 
deg. F. If other values, E x and e lt are adopted, k A should be multiplied by 0-076 E x e x . At 
the crown the increment or decrease in normal thrust due to change of temperature is Hr 
and the bending moment is — k z RHr , account being taken of the sign of Hy. The normal 
thrust at the springing due to change of temperature is Hr cos <f>, and whether the thrusts 
due to dead load, etc., are increased or decreased thereby depends upon the sign of Hr. At 
the springing the bending moment is (1 — k 3 )RH T , the sign being the same as that of Hr. 

Shrinking of Concrete. — Shrinking can be considered to be equivalent to a fall of 
temperature of 15 deg. F. 

Live Load. — The intensity of uniformly-distributed load equivalent to the specified live 
load = w. 

L* 

Maximum positive bending moment at the crown = k z wL 2 ; horizontal thrust — 

L* 

Maximum negative bending moment at springing = kw 7 L*; horizontal thrust = k z w^\ 
vertical reaction = k % wL. 

L l 

Maximum positive bending moment at springing = k xo wL*; horizontal thrust — k lx w-^; 
vertical reaction = k Xi wL. 

If H and V are the corresponding horizontal thrust and vertical reaction, normal thrust 
at the springing = H cos <f> -f FVi - cos 2 <f>. 

Dimensions of Arch. — The line of pressure, and therefore the arch axis, can now be 
plotted as described on page 46. The thicknesses of the arch at the crown and springing 
having been determined, the lines of the extrados and intrados can be plotted to give a parabolic 
variation of thickness between the two extremes. Thus, the thickness normal to the axis 
of the arch at any point is given by [{d 8 — d)r -f- d] where r has the following values: if the 
ratio of the distance of the point from the springing, measured along the axis of the arch, to 
half the length of the axis of the arch is £, the value of r is 0*563; if the ratio is r is 0*250; 
and if the ratio is f, r is 0*063. 

An example of the application of Table 54 and the foregoing method is given on the page 
facing Table 55. 



ARCHES: FACTORS FOR FIXED PARABOLIC ARCHES. — TABLE 54 . 


TYPE 


RISE: SPAN 


INCLINATION OFAXIS OF 
ARCH AT SPRINGING 
cos <p 


UNIFORM DEAD LOAD OPEN SPANDREL SOLID SPANDREL 


I33EBEE3EEI OBBBEE3EEI1 hhmw W dl 




■■■■■ 


II 


MEM 


HORIZONTAL THRUST 

DUE TO 1-2S t-10 t-07 1*03 
ARCH SHORTENING !- 50 1-42 1-37 1*32 
Values of kj 1-75 t-68 I-G5 


MOMENTS DUE TO 
ARCH SHORTENING, 
TEMPERATURE CHANGE 
AND ECCENTRICtTV 
OF THRUST 1-75 
Values of kj 


1-03 1-00 MS 1-15 1*08 t-00 
1-33 1-27 1-53 t *48 1-42 1-33 
1-63 1-58 1-86 1*82 1-76 1*69 



bending 

Values 

of 

MOMENTS 

DUE TO 

LIVE 

k 5 xia+ 

Values 

LOAD 

of k 7 


Values 
of k| 0 


1-25 48 49 SI 52 52 54 57 60 60 69 

1*50 ( 45 46 46 47 48 50 52 54 56 62 

4^ 43 43 44 44 46 48 50 62 58 


1-25 

1-50 



Note. — See facing page for formulae in which coefficients k v k t , etc., should be sub- 
stituted, as shown in the example on page 236. 
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FIXED PARABOLIC ARCHES (continued). 

Example of Use of Table 54. — Design of a fixed arch slab for an open-spandrel bridge- 

Span : 150 ft. measured horizontally between the intersection of the axis of the arch and 
the abutment. 

Rise: 22 ft. 6 in., being the rise of the axis of the arch within the 150-ft. span. 

Thickness of arch slab: 3 ft. 4$ in. at springings, 2 ft. 3 in. at crown. 

Dead load: 250 lb. per square foot excluding the weight of the arch slab. 

Live load : 300 lb. per square foot. This is approximately equal to the Ministry of Trans- 
port loading; since the live load extends over one-third or four-tenths of the span to give the 
maximum bending moments, the loaded lengths are 50 ft. and 60 ft.; from Table 6 the equiva- 
lent distributed load is 220 lb. per sq. ft. The difference between this and 300 lb. per sq. ft. 
allows for the single knife-edge load of 2700 lb. per ft. width of slab. 

Temperature range: ±15 deg. F. Ec — 2,000,000 lb. per sq. in. e — 0-0000066 per 
deg. F. 

Shrinking: Equivalent to a fall in temperature of 15 deg. F. 


< Thickness at s pringing __ d, __ 3-375 _ 


Geometrical properties : -xhickness at crowlT “ 1 


2-25 


1-5- 


Rise 22*5 

= — - = 0-15. 

Span 150 

Angle of inclination of arch axis (from Table 54) : cos ^ = 0-82. 

Dead load at crown = 250 lb. per sq. ft. plus weight of 27-in. slab (= 338 lb. per sq. ft. at 
150 lb. per cu. ft.; w d = 250 + 338 = 558 lb. per sq. ft. 

A strip of slab 12 in. wide is considered. The coefficients are taken from Table 54 and 
substituted in the formulae preceding on page 234. 


Horizontal thrusts due to dead load, etc . 

1 50* 

Dead load (k 1 — 0-140) : H — 0-140 X 588 X 

Arch shortening (ft a = 1-39): Hd = — 1 * 3 **2,200 
Change of temperature = 3*34 X io 3 ): 

Ht - ± 3-34 X IO *(^) 
Shrinking: As for fall in temperature 


Crown. — Maximum positive bending moment. 

Dead load and arch shortening: He = 82,200 — 1145 
(ft* = 0-243): M c = 0-243 X 22-5 x 1145 X 12 
Fall in temperature : Thrust Ht as above 
Me = 0-243 X 22-5 x 1130 X 12 
Shrinking: As for fall in temperature 

150* 

Live load: Thrust (k t = 0-064); H — 0-064 X 300 x 
(ft, = 50 -r io 4 ); M c = 0-0050 x 300 x 150* x 12 


ESS -f 82,200 lb. 

= — 1145 lb. 


X 2-25 X 15 = ± H3° lb - 



= — 1130 lb. 

Bending 

moment 

Thrust 

in. -lb. 

lb. 


+ 80,855 

+ 75*100 

— 1130 

4- 74*3oo 

4* 74*300 

— 1130 


+ 18,600 

-f 405,000 



Totals: + 628,700 

Springing. — Maximum negative bending moment. 

82,200 

Dead load and arch shortening: Hs = - "g — — 1145 X 0-820 

Ms = (i — 0-243) X 22-5 X 1145 x 12 — 234,200 

Fall in temperature : Thrust — — 1130 x 0-820 

Ms = — 0-757 x 22-5 x 1130 X 12 — 231,000 

Shrinking: As for fall in temperature — 231,000 

Live load: (k t — 0-038); H = 0-038 x 300 X « 11,400 lb. 

(ft, = 0-352); V = 0-352 x 300 x 150 = 15,80 0 lb. 

Normal thrust = (11,400 x 0-820) -f (15,800^1 — 0-820*) 

(ft 7 a 0-020); Ms — 0-020 x 300 x 150* x 12 — 1,580,000 


+ 97*395 
-1- 99,260 

- 925 

- 925 


4* 14*500 


Totals: — 2,276,200 111,910 


(Continued on page 237.) 



ARCHES: COMPUTATION CHART FOR FIXED ARCH.— TABLE 55. 


CALCULATION CHAM FOR FIXED- END SYMMETRICAL ARCH. 
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BENDING MOMENT AT QUARTER- POINT : REPEAT SIMILAR TO FOREGOING WITH CORRE SPONPING FqKmUL4 
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Note. — R eference should be made to page 44 for comments on this chart. 
Example of Use of Table 54 {continued from page 236). 

Bending moment Thrust 

Springing: Maximum positive bending moment. in. -lb. lb. 

Dead load and arch shortening as before — 234,200 -f 99,260 

(Rise of temperature and shrinking neutralise each other.) 

Live load: {k xl = 0*089); H — 0*089 X 3°° X — 26,700 lb. 

{ k 1% = 0*151); V — 0*151 x 30 0 x 150 == 6800 lb. 

Normal thrust (26,700 x 0*820) -f 6800V1 — 0*820* -f 24,200 

(A 10 = 0*023) Ms — 0*023 X 300 x 150* x 12 -f 1,830,000 


Totals 


-b i,595.8oo 4- 123,460 


The corresponding bending moments and thrusts should be combined to determine the 
maximum stresses and reinforcement at the crown and springing. 
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PROPERTIES OF CONCRETE. 


Quality Control. — The standards of control A, B, etc., and the strength categories 
i, 2, etc., given under the heading “ Grade — I.C.E." in Table 56 are from “ Quality of Concrete 
in the Field" (Journal of Inst. Civil Engs., May 1955)* 

Strength categories 1, 2, and 3 relate respectively to strengths at twenty-eight days 
exceeding 4000 lb , 2500 lb., and 1000 lb. per sq. in.; strength of category 4 is below 1000 lb. 
per sq. in. 

Standard A is the most rigid control, requiring tests on materials and trial mixtures, and 
strict control of all site operations ; B requires simple trial mixtures only, batching by weight 
ind reasonable site supervision; C permits proportioning by experience and batching by 
volume; D applies to concrete with no special properties. 

Compressive Strength. — The compressive strengths u c of concretes made with the 
same cement and cured and tested under the same conditions are shown by Feret to comply 
ipproximately with the expression 

Uc = a (v7+ V* + v„) 


in which V c , Vw and V v are respectively the net volumes of cement, water, and voids in unit 
volume of mixed concrete; that is if V a is the net volume of aggregate in unit volume of mixed 
concrete, V c 4- V a + V w + V v = 1. The term a is a numerical factor determined by tests 
md depends on the nature of the materials. 

Tensile Strength. — The ratio of the direct tensile strength ut and the compressive 
strength u e may vary from 0-05 to over o-io, the relation being very approximately of the form 
u t = b{u c ) n , where n is between 0*5 and unity. A formula, derived by Feret, is ut ~ cV u c — d. 

The parameters c and d are obtained by test and depend on the nature of the cement, the 
type, grading, and largest size of the aggregate, the amount of water, the conditions of curing, 
md the methods of testing. 

Modulus of Rupture. — For the moduli of rupture of various concretes to be comparable, 
the test piece must have standard dimensions, say, 4 in. deep by 4 in. wide and 16 in. long. 
If such a test piece is supported on a span of 12 in. and loaded with a centrally applied load, 
the modulus of rupture u r is 0*28125 W\b. per sq. in., where W is the load that causes the test piece 
to break. Factors that contribute to high compressive strength u c also cause an increase in 
the modulus of rupture. The relation of u r to u c is given by Feret to be approximately 

u r — sV u c — Y, 

where s and r are parameters affected by the same conditions as affect c and d for the direct 
tensile strength. 


Modulus of Elasticity. — The modulus of elasticity of concrete E c increases with increase 
of cement content, age, repetition of stress, and some other factors. Actual values lie between 
750 and 1500 times the compressive strength. Thus E c for a 1 : 2 : 4 concrete may average 

3.000. 000 lb. per sq. m. and, when combined with a modulus of elasticity for steel E , of 

30.000. 000 lb. per sq. in., a modular ratio (m = of 10 is obtained. The generally- 


accepted arbitrary value for the modular ratio is 15 (corresponding to E c equal to 2,000,000 lb. 
per sq. in.) for concretes of all proportions, and is recommended in the B.S. Codes. This ratio 
compensates in part for the errors involved in the consideration of reinforced concrete as a 
theoretically elastic substance and for the neglect of the tensile resistance of concrete in bend- 
ing. It only applies within the range of the working stresses. The modular ratio is not taken 
into account in the load-factor method of design. 


The D.S.I.R. Code of 1934 recommended a variable modular ratio of where u p is the 

compressive strength at twenty-eight days. The Ministry of Transport adopt modular ratios 
recommended by the D.S I.R. for the design of bridges. 

A modular ratio of 10 is often used when calculating deflections. For calculations in- 
volving actual deformations the ratios in the D.S.I.R. Code might also be used. 


Poisson’s Ratio. — Poisson ’s ratio, by means of which can be calculated the secondary 
stress, produced by a primary stress, in a direction normal to that of the primary stress, is 
about 0*15 for concrete, although in many cases this effect is ignored. The omission of Pois- 
son’s ratio makes a difference to the calculated stresses in ordinary slabs spanning in two direc- 
tions (if in panels that are almost square) and to the analyses of the stresses in shells and in road 
slabs. 
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Notes. — For rules for properties of mixtures not tabulated see page 246. 

Quantities. — Tabulated quantities per cu. yd. of mixed concrete are approximate, and 
vary with grading of aggregate, compaction, etc. Quantities of fine aggregates (in brackets) 
assume material to be damp and bulked by about 30 per cent. 

Grades. — Those marked " London By-laws ” relate to London Building (Constructional) 
By-laws 1952. Those marked “ I.C.E." relate to recommendations in " Quality of Concrete 
in the Field " (Journal Inst. Civil Engs., May 1955) ; see note on facing page. Those marked 
“ Liquid Containers ” relate to B.S. Code No. 2007 (i960), “ Design and Construction of 
Reinforced and Prestressed Concrete Structures for the Storage of Water and other Aqueous 
Liquids ”. 

Working Stress. — Increase values (London By-laws) by 10 per cent, if vibrated. Work- 
ing stresses due to effects of wind increased by one-third (London By-laws). Shearing stresses 
indicated thus * denote maximum (with reinforcement) in design for no cracking. Bond 
stresses marked * may be increased by 25 per cent, if deformed bars are used. 

B.S. Code No. 114 — See Table 57. 
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THERMAL PROPERTIES OF CONCRETE AND 
REINFORCED CONCRETE 

Temperature Coefficients. — The coefficient of linear expansion and contraction due 
to temperature changes increases with an increase in the cement content, depends on the type 
of aggregate, and varies from 0*000004 to 0*000007 per deg. F. A coefficient of 0*0000055 per 
deg. F., which is about the same as that for mild steel, is commonly used. 

Thermal Conductivity. — Average values of the thermal conductivity of concrete (A), 
expressed in the number of British thermal units that pass in one hour through 1 in. of concrete 
1 sq. ft. in area for each deg. F. difference in temperature between the two faces are: 1:2:4 
gravel concrete, 7*0; 1:1:2 gravel concrete, 6*7; 1 : : 7$ clinker concrete, 2*3; 1:2:4 

foamed-slag concrete, 2*2; 1 : 2 : 4 pumice concrete, 1*4; 1 : 2 : 4 expanded-shale concrete, 2*1 ; 
1 : 8 vermiculite concrete, o*6. 

Recommendations are given in B.S. Code No. 114 relating to the resistance to fire of rein- 
forced concrete construction. This resistance, which depends primarily on the type of aggre- 
gate, the thickness of the member, and the cover of concrete over the reinforcement, is ex- 
pressed by the number of hours of effective resistance as established by tests made in accord- 
ance with B.S. No. 476, “ Fire Tests on Building Materials and Structures ”, and values are 
given in the table below. 

The degree of resistance required depends on the size of a building and the use to which 
the building is to be put, and is specified in the local by-laws. In general, the resistances given 
in the table conform to those in the London Building By-laws (1952) ; exceptions and additions 
are noted. 

The Code gives no recommendation regarding the fire-resistance of reinforced concrete 
stairs, but the London By-laws require at least one hour's resistance which is provided by 
2$ in. of solid concrete. 

Least Dimensions to Provide Stated Period of Fire Resistance. 
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Notes. — {a) Dimensions are for concrete made with aggregates conforming to B.S. No. 882, 
except that if limestone is used a slightly less thickness is acceptable. 

(6) Tabulated data are as given in B.S. Code No. 114 and conform to London By.- 
laws (1952) except that (i) Dimensions marked * are excluded from By-laws; (ii) Dimen- 
sions in brackets conform to By-laws but differ from Code. 

(e) Dimensions of reinforced concrete members may be reduced if protected by 
plaster, sprayed asbestos, or the like. 








CONCRETE: PROPERTIES AND STRESSES. — TABLE 57. 

B.S. CODE No. 114 
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Note. — * For quantities of materials see Table 56. 
For notes on Table 57 see page 246. 

241 




















TABLE 58 .— REINFORCEMENT: PROPERTIES AND STRESSES. 
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* Not now readily obtainable. ** Per B.S. Code No. 114. 

B.S. Code No. 114 (1957).— Tabulated stresses (not in brackets) excluding "Corrosive 
Conditions ". Expanded metal not specifically mentioned in Code. 

London By-laws (1952). — Stresses given in brackets; otherwise same as stresses in 
B.S. Code (excluding " Corrosive conditions "). 

Corrosive Conditions include external members, internal members under corrosive 
conditions, and members against earth (not B.S. Code or London By-laws). 

Shearing Reinforcement. — B.S. Code No. 114: Tabulated stresses, but not greater 
than 20,000 lb. per sq. in. (25,000 lb. with wind). London By-laws: 18,000 lb. per sq. in. 
in mild steel ; otherwise 0-5/* (or 0-67 t v with wind), but not greater than 20,000 lb. per sq. in. 
(26,670 lb. with wind). „ . .. 

Helical Binding in Columns.— B.S. Code No. 114: 13.500 lb. per sq. m. for all rein- 
forcement. London By-laws: 13,500 lb. per sq. in. in mild steel; otherwise 0-35^ but not 
greater than 18,000 lb. per sq. in. . . . , ... « c 

Liquid-containers. — See page 59 for stresses in reinforcement in accordance with ±*.b. 

Code No. 2007. 
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REINFORCEMENT: AREAS AND WEIGHTS. — TABLE 59. 
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N F 

^OU ND 

BARS (L8.) 



DlAM. 

V 

'/4“ 

5 /fC 

3 /b 

7 /l&' 

w 

S /8' 

S /4’ 


r 

,.|V 

iV 

I 3 /a 

1 ^' 

WEIGHT 

PER 

FOOT 

0*094 

0*167 

0-261 

0*375 

0*511 

0*667 

l . 

1*043 

1-502 

2*044 

2*670 

3 379 

4*173 

5-049 

6-008 

FEET 

PER 

23830 

13413 

8582 

5973 

4384 

3358 

2148 

1491 

1036 

839 

663 

537 

444 

373 


£ I 0-054 0-167 0*261 0-376 0*51 0-67 1-04 1*50 2-04 2.-07 3-38 4-17 505 6-01 

a 2 0*188 0*334- 0-522 0-752 1-02 1*34 2-05 3-00 4-09 5-34 6*76 8 34 10-10 12-02 

$ 3 0-282 0-501 0*783 l*t28 1*53 2-00 3-13 4*51 <3-13 8-01 10-14 12-52 15-15 18-02 

£ 

£ 4 0-376 0*608 1-044 1*504 2-04 2-G7 4-17 6-01 818 10-68 13-52 16*6 9 20-20 24-03 

S 5 0*470 0-835 1-305 t*880 2-55 3-34 5-22 7-51 10-22 13-35 16-90 20*86 Z5-25 30-04 

cc 6 0-564 1-002 1-566 2-256 3 06 4*01 6-26 9-01 12-26 16-02 20-28 25-03 30-29 36-05 

£ 7 0- 658 1-169 1-827 2-632 3-57 4‘68 7*3 O 10-51 14*31 10-69 23*66 29-ZO 35*34 42-06 

% 8 0-752 1-336 2 088 3-008 4'08 5-34 8-34 12-02 16-35 21-36 27*04 33-38 40-39 48*06 

< 9 0-046 1-503 2*349 3-384 4-59 6-01 9-39 13-52 18*40 24'03 30-42 37-55 45*44 54*07 
2 10 0-940 1*670 2-610 3-760 5-11 6-68 10-43 15-02 20-44 26-70 33-80 41-72 50-49 60*08 
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TABLE 60. — REINFORCEMENT : CROSS-SECTIONAL AREAS. 
PLAIN ROUND BARS. 



D EBEE3 ESS3 EZ23 


Q SJS3 BCD SE£3 
OB5H 223 HZ3 


IMggWHBB 


ggg B5JJ mjJH jujjj qqi 22U U 222 

EE3B5B3DBniEE3iBBiBEiBEiBEi3E3[IBE3EBB| 


fi£tal K2£feifl Ufeuyi EBH3 t&LI 1221 Bfisifl l^msI [UQji u££l 



nSd9E3IEH[EEI0Bi0ESCS0EIEnilIB!3IBHIEB5iSE35S!!i 

EBaassanaiEiBaBanaBEaEEaraiEsaEiaD^ 

BBE35B^tESHBB3BBlBBiBBIBfflBBIEBIBE3HEElBEEBi 

saasEaiEaE 




IB 3591 

0-R62 




5 * 142 ! A t =» cross-sectional 

St AREA (sq.m.) 


|ES: 


MMjMB 


13 ESQ ESI I 


EaaaEESliOlysiEEiBsaBggaiasEanngEgi 

BggEEaBBiBEaEEiiaBgmmaBB 


D - diameter of bar 
(IN) 

SPECIFIED NUMBER 


N = NUMBER OF BARS 

A*- ?TTD 4 M 
- 0-7054 D 2 N(sqjK) 


HfcEHij -j| 




SPECIFIED SPACING 


5 » SPACING (OR PITCH) 
OF BARS (IN.) 

A s - -^( o-7854D^ 

_ 9-425 p 2 


(sq.iN per foot) 
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REINFORCEMENT: METRIC SIZES AND AREAS.— TABLE 61 . 



Note.— For conversion factors (British units to metric and vice versa ) see page 338 and 
Table 109. 
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STRESSES AND BOND. 


Modification for Proportions not Tabulated. — The permissible compressive stress in 
bending, on which other permissible stresses depend, for concrete of proportions intermediate 
between those tabulated in Tables 56 and 57 can be calculated by interpolation, that is 


Pcb — pcb% + 


( V a ~ YHPc_H - Pen) 
V t -v x 


where p C b is the compressive stress permissible in concrete for which the sum of the proportions 
of fine and coarse aggregates is V ; p C b\ and p C b% are the permissible compressive stresses for 
concretes for which the sum of the proportions of the fine and coarse aggregates are V x and V % 
respectively, V being intermediate between V 1 and V 2 . For example, in 1 : if • 3^ ordinary 
concrete ( Table 56) the volume of fine and coarse aggregate V is if + 3f = 5, which is between 

1 *. 2 : 4 (F a = 6) and 1 : if : 3 (V x — 4$). p cb = 750 -f — — _ 8171b. persq. in., 

0 — 4^ 

since 750 lb. and 850 lb. per sq. in. are the values of p C b% and p cbl for 1:2*4 and 1 : if 13 
ordinary concretes respectively. This method also applies to the stresses in Table 57 for the 
B.S. Code. The other stresses are calculated in a similar manner. 


Reduction of Compressive Stresses in Narrow Members. 

Narrow Beams — Compressive-stress reduction factors Rb for narrow beams in accordance 
with the B.S. Code can be expressed by 

,, L 

R b = i*75 — 0-025 "7 
0 

as given in Table 57, where L = distance between lateral supports, and b — breadth of the com- 
pressive flange. Values of R B are as follows. 

L 

£ = 30 35 40 45 50 55 60 

R B = I i i f i t i 

The depth of a narrow beam considered effective in resistance to bending should not 
exceed 86 and shearing forces should be resisted by reinforcement. 

Beams Subjected to Axial Thrust. — If a beam of overall depth d is subjected to a bending 
moment M and an axial thrust N, the compressive stress reduction factor should be as follows 
(B.S. Code). 

M 

(1) If N = ;~r : Reduction factor R L as for columns (see page 296 and Table 83). 

(ii) If N = o: Reduction factor Rb as for narrow beams (see above). 

(lii) For intermediate values of N: Reduction factor calculated by linear interpolation 
between (1) and (11). 

Bond -lengths with Anchorages.— In accordance with the B.S. Code, if an end anchor- 
age is provided, the bond-length can be reduced by the amounts (expressed in terms of D, the 
diameter of the bar) given in Table 62 for each type of anchorage. For more conservative 
design the lengths ND, when N has the values in Table 62, should be considered as minima if 
a semi-circular hook of value 16 D is provided; if other forms of anchorage are provided, the 
length for bond should be ND plus 16 D minus the value of the anchorage. For example, if 
the value of N is 37$, the lengths for bond according to the B.S. Code are* 37^ without an 
end anchorage; 37 — 8D = 2<j\D with a 90-deg. bend; 37^ — 12D = 25$!) with a 45-deg. 
hook; and 37i^ — 16D — 2i\D with a semi-circular hook. For more conservative design 
the lengths would be. 37^ + 16 D = 53^ without an end anchorage; 53 ±D -8 D = 4 5$D 
with a 90-deg. bend; 53$!) — 12 D = 41 faD with a 45-deg. hook; and 37 ID with a semi- 
circular hook. 


Liquid-containers. — Stresses of p 8 t — 12,000 lb. per sq in. and s b = 130 lb. per sq in. 
apply to plain round bars m 1 : i-6 : 3-2 concrete; for 1 : 2 : 4 concrete with p st = 12,000 lb. 
per sq. in. and s b = 120 lb. per sq. in., N — 25. 

Local Bond Stress. — The local bond stress s bl due to variation in the tensile stress in 
reinforcement in beams is given by 

(Si J t ana)i 
( Continued on page 248.) 



REINFORCEMENT: BOND AND BENDING.— TABLE 62. 
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STRESSES AND BOND (continued). 

Local Bond Stress (continued from page 246). 

where Q maximum shearing force at the section under consideration (lb.) ; l a = lever arm 
(in.) ; 0 — total perimeter of the bars forming the tensile reinforcement at the section (in.) ; 
M = bending moment (in. -lb.) at the section; d x = effective depth (in.); and a — angle 
between the top and bottom edges of the beam at the section. The positive sign applies when 
the bending moment decreases as d x increases, as at a haunch at the end of a freely-supported 
beam. The negative sign applies when the bending moment increases as d x increases, as at a 
haunch at an interior support of a continuous beam. 

If the beam is of uniform depth, that is, when the top and bottom edges are parallel, 


Permissible local bond stresses in accordance with the B.S. Code are given in Table 57; the 
perimeters of round bars are given in Table 59. 

NOTES ON REINFORCEMENT. 

Deformed Bars. — Twisted square bars, twisted ribbed bars, and any bars having pro- 
jections or indentations, have generally a greater bond value than plain round bars. If the 
bond value of a deformed bar is not less than 25 per cent, more than that of a plain round 
bar, the bond stress s& in Table 57 may be increased by 25 per cent. Since many deformed 
bars are of strength superior to mild steel, and so long as the equivalent yield stress is not less 
than 60,000 lb. per sq. in., the bond stress s& is associated with a permissible tensile stress of 

30,000 lb. per sq. in. Thus the expression for L 0 (see Table 63) for high-tensile deformed 

4 s b 

bars in ordinary 1 : 2 • 4 concrete is 50 D compared with about 42D for plain round bars stressed 
to 20,000 lb. per sq. in. The greatest permissible compressive stress in high-tensile reinforce- 
ment is 23,000 lb. per sq. in. ; the corresponding length L c (Table 63) for high-tensile deformed 
bars is therefore about 31 D, compared with 30 D for plain round bars stressed to 18,000 lb. 
per square in. Values of L 0 and L e for high-tensile deformed bars are given below for 
Sb = 150 lb. per sq. in. 


Diameter (D) of deformed bar (in.) 

* 

* 

i 

1 

1 

[ 



Minimum bond length (in.) L 0 for bars in 
tension at 30,000 lb. per sq. in. (50D) 

25 

3 i* 

37 i 

44 

50 

56 i 

62* 

75 

Minimum bond length (in.) L c for bars in 
compression at 23,000 lb. per sq. in. (3o|D) j 

i 5 i 

19 * 

23 

27 

3 i 

| 34 i 

38 * 

46 


Because of the superior continuous bond value of deformed bars it is not common to 
provide such bars with an anchorage unless the minimum lengths L 0 or L c cannot be provided 
in a straight length ; in this case the bar should be hooked round an anchor bar. If a deformed 
bar is not circular in section, D in the preceding expressions is the diameter of the circle having 
the same area as the cross-sectional area of the bar. 

Cover of Concrete. — The minimum cover of concrete to a reinforcement bar should be 
as follows, or not less than the diameter of the bar, whichever is smaller. 

Buildings and General Structures. — Slabs and walls: £ in. Beams: 1 in. for main bars; 
£ in. for binders. Columns: 1 in. for mam £-in. bars, if least dimension does not exceed 7$ in. ; 
ii in. in larger columns; \ in. for binders. Cover over ends of bars: 1 in. or not less than twice 
the diameter of the bar. External members, members in contact with ground, corrosive con- 
ditions or the like: 1$ in. (These dimensions are in accordance with the B.S. Code No. 114 
and also satisfy the London By-laws except that the By-laws require a minimum cover of 3 in. 
(except in piles) if the concrete is in contact with earth, unless precautions are taken to 
protect the concrete, and a minimum of 1 in. of concrete over all reinforcement in factory- 
made precast concrete products.) 

Piles: in. for main bars; 1 in. for binders. 

Marine Structures: 2$ in. for main bars; 2 in. for binders. 

Liquid Containers: 1$ in. for all bars; 2 in. in sea-water or other corrosive liquids, but this 
extra | in. should not be taken into account when making the resistance calculations. (B.S. 
Code No. 2007.) 



REINFORCEMENT: BOND LENGTHS.— TABLE 63. 

B.S. CODE NO. 114. 


MSS IN TENSION 


STRESS IN 6RR(L8.PER SQ. 



BARS IN COMPRESSION 


5% G'*l 8/2 3% 10% I 

2 % 3 % 5% ah 7% I't j a 

3% 4 % ah 7 % 8/2 I 


ah 8 io% i2 i3 

s 4 ah 8 s '/ 2 

4 5% 8 9% 10 % 


8 9% Wh 14% 10 

2 3% 6 % ah 10 

3% 5 8 10 l|% 

5 ah 9% 11% 13 




15% 19 25 28% 31% „■/ 
3% 7 13 IC% 13% 44 


18% 22 29& 33 36% 9 ,J„, ,,, A ca 

4 % 8 1 5^ 19 22 % l4 ^ 


L 0 23% 28 37% 42 47 
li 5% to 19% 24 29 


26 31% 42 47 52 ^ 2 , 37 jj 42 

6 11 % 22 27 32 


29 34% 46 52 
7 12% 24 30 


31% 37% 50 56 
7 % 13% 26 32 


Note.- 
round mild 


-The data in Table 63 is in accordance with B.S. Code No. 114 ( 1957 ) for plain 
steel bars in 1 : 2:4 concrete; — 120 lb. per sq. in. 
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TABLE 64.— GEOMETRICAL PROPERTIES OF SECTIONS. 
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PROPERTIES OF REINFORCED CONCRETE SECTIONS.— TABLE 65a. 

RECTILINEAR SECTIONS. 


NOTATION 

(ADDITIONAL 

TO 

data 

ON DIAGRAMS) 


ENTIRE CROSS-5ECTION 
SUBJECTED TO STRESS 

I EFFECTIVE AREA*. 

POSITION OFCENTROIO^- I X FROM TOP EDGE 
MOMENT OF INERTIA ABOUT 


geometrical 
properties ARE 

EXPRESSED IN 

equivalent 

CONCRETE 

units 


CENTROIDAL AXIS *. 

MODULUS OF SECTION 
FOR TOP EDGE J 


FOR BOTTOM EDGE 5 


RADIUS OFGVRATIONi 


Z °-1C gs 

7 a - 
o D - K 



Ae “^ruJ? MXAfT4A ^ ' ' 

x e nr 

* O* 5 d IF A^* A s fc 2 

0[^*)+S£K3 

= -^ + 2 Xt(| - If A** A„ 1 


BENDING ONLY 
CONCRETE INEFFECTIVE INTENSION 
COMPRESSION ZONE AT TO P (AS DRAWN) 

DISTANCE OF NEUTRAL PLANE BELOW • 
TOP EDGE*. * n(*d n PER B.S. COD*) 

RELATED TO MAX. STRESSES*. ♦ 

" m-Tdfc- 

, m Tcb 

LEVE R ARM J * a (« G ’ P*R B.S.COD*) 

CO M PRE SS ION-RE1 N FORCE M E NT FACTOR*. 

K * A scC Tn "'X 1 ^ 2 ) 

MOMENT OF RESISTANCE: f UNLESS 

M rc (G5Mf»X£4SJON)» aC,t C b .6XPRESSE0 
M rfcfrtNsioN) ~af.A,t 




[W)+K(A-A)] 

C,-^K 

if A^O:- a -d,- §• 

M re* O'Bnobfc^-Qbd, 1 ) 









[ fc> "S 5( b ‘' b< ')] 1 




A ^g!S K d 5 A«“bd s .t i d T 4b(D-d r d T )+(m-iXVX5 "=n>ci t u» f o^ U bt ro nMCT W cu , 
?-MfUr f +2( m -,XA*d+VQ] a *clxC d r 3Kn(b-l^-^f2^'l) 

-LEM^l !«■ 3 M-CA-bX^’+b.(D-x ) 3 „ J. r 1 / h b Yn d Sl+K 

d T - (bo-brXo-^-dT^m.Q^x-d^i-A^-d C| 2L b h nC b ’ br X n - d s)J + K 









D * OVERALL DEPTH 
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PROPERTIES OF REINFORCED CONCRETE SECTIONS. 



Formulae containing summation sign E apply to irregular sections only {Figs, a and b). 
Formulae containing integration sign J apply only to regular sections (Fig. c) in which 
bx is a mathematical function of x. 

Entire Section subjected to Stress. 

Effective area. — A , — [b x - 8* -4 (w — i)Mc] = j^j* + [m — i){A te + A ti ). 

Position of centroid . — X — ^ ^x[b x .8x + [m — i)&4c]^ 


4£S 


+ (w- i ){A tc d t + A st d x ) 
b 


y[d x .Sy + (m — i)S^c] 

V™. 




} 


(regular section). 


Moment of inertia about axes through centroid. — I xx [b x - 8* 4* (*» — i)Mc](£ — x) % 

[fw* - *)*<**J + (*» - - <*,)* + - x)«] 


gY = 


lyy 

A.' 


lyy = JT^C dx-*y + (m - i)Mc](7 - y)*. 

Radius of gyration .-— gX — • 

Modulus of section. — /(x-o) = njr ; Z {xmD) \= £(,-»> = 

Section subjected'to Bending only. 

$C = (« — -4 (w — i)S/4c]; 8T = {x — n)$A t 

Tota compression factor.— C = (tt — *)6*.d*J -4 (w — i)(« — d t )A te . 

Total tension factor. — T' = = (d t — «)4 , t . 

Position of neutral plane. — General: Value of n (=* d n ) satisfying formula C — mT' = o. 

In terms of maximum stresses: « = — — as — . 

1 -4 f $t 1 4. A- 

tn/cb tn/cb 

{Continued on page 253.) 




PROPERTIES OF REINFORCED CONCRETE SECTIONS.— TABLE 65 b. 

CIRCULAR AND OCTAGONAL. 


NOTATION 

(additional 

TO 

DATA 

ON DIAGRAMS). 

geometrical 

PROPERTIES ARE 
EXPRESSED IN 
EQUIVALENT 
CONCRETE 
UNITS 

ENTIRe CROSS-SECTION 
SUBJECTED TO STRESS 

BENDING ONLY 

CONCRETE INEFFECTIVE IN TENSION 
COMPRESSION ZONE AT TOP (AS DRAWN) 

EFFECTIVE AREA: A 6 

POSITION OF CENTWHD-^-J FRPNTOPEOCE 

MOMENT OF INERTIA ABOUT _ 

CENTROlOAL AXIS: 1** O 

MODULUS OF SECTION - T 1 Hn 

FOR TOP EOOE • If I 

FOR BOTTOM EDGE*. Z 0 * J | ^ 

/l**_ 

radius of gyration: — 

DISTANCE OF NEUTRAL PLANE BELOW 

TOP EDGE *. * n («= d n PER B.S.CODE) | 

RELATED TO MAX. STRESS ESJ . I 

rnfc b 

leverarm: *» a (* c^per b.s. code) 

MOMENT OF RESISTANCE*. . UNLESS 

^ r< .(00MPR£S8ION)« ClC 1 J c \ > , EXPRESSED 
M r t(TENSlON) *af sfc A sk OTHERWISE 

OCTAGON 

Tjgfrjff 

At AT Ea'cHCORNER 

d,- D-’dc 
d c -§- 0-924 R 

A e « 0*828 D 2 +8A t (m-0 

X - 0*50 

Irf 0*055 D^-f 4A t R 2 (m-l) 
Z 0 -Z D » o-IO9D 3 +^^- 2 (m-0 

O * “c , [° ’ ? °7 D n (d - ■§■) + E + ZAt(m- 

C,= 0-207 Dn + FtaAtCm-iX 2 ^*) 

IF n> 0-3D:- l 

E=F(d-|n) F-T 

,Fn E > = 0 4^. 1 | S D(-Sf§^| D )] 

F s P^flSP. (n-o.|35D) 

CIRCLE 

A e .o-78S4D 4 +Cm-i)2;At 

X = 0-5D 

vir + f m -)-r 

W * A t 



m 

ANNULUS 

A e - o-7854(D 2 -D?)+{m -i) 2 At 

X ■ 0-50 2 

ZAt 

IF n > 0 -5(0-0,) U£E FORMl* FOR CIRCLE. 

IF n > 0 -5(0- D,) USE GRAPHICAL METHOD. 


(< Continued from page 252.) 
Lever arm. — 


la — 


Z: 


x.BT 


z 


x.BC 


T' C' 

Moment of resistance. — M rc = 


d x - 



*)b-. 


..dx 


+ (m — i){n — d t )A tc d t 
__ — 


pcblqf n 


PttlaA tt- 


Notes. — (a) For properties of common reinforced concrete sections see Tables 65 a and 65B. 

(b) For properties of sections subjected to stress on entire section, but neglecting reinforce- 
ment, omit terms BA A ?t> BA c and A, e from foregoing formulae. Properties of some common 
sections for this condition are given in Table 64. 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD. 

Notation. 

Properties of Section. 

A bc — area of compression reinforcement. 

l a *= lever arm — a x d x \ l a e (concrete); h» (compression reinforcement). 

Agt = area of tensile reinforcement. 

b — breadth of a rectangular beam or the breadth of slab of flanged beams or breadth of slab 
assumed to be effective. 
b r = breadth of rib of flanged beam. 

d x — effective depth of beam, that is the distance from the compression edge of the section to 
the centroid of the tensile reinforcement. 

d , 

d, — thickness of slab of flanged beam; s x = — . 

a x 

d 2 =■ depth to centroid of compression reinforcement from adjacent edge of beam = f 2 d x 
M — applied bending moment. M r — moment of resistance. 
d n — depth to neutral plane = n x d x . 

r t = proportion of tensile reinforcement = r*, for balanced design. 

1 ^ 

r e = proportion of compression reinforcement = 

Q e — factor in moment of resistance formula, M r = Q c bd\. 

Stresses. 

pet = maximum permissible compressive stress in concrete. 
feb = actual maximum compressive stress in concrete. 
p st = maximum permissible stress in tensile reinforcement. 
f 9t = actual stress in tensile reinforcement. 

p 8C — maximum permissible stress in compression reinforcement. 
f gc = actual stress in compression reinforcement. 

, t , . modulus of elasticity of steel E, 

m = modular ratio = , . — ,-r— -- 7 — 7- = 

modulus of elasticity of concrete E c 

r = ratio of maximum permissible stresses = . 

Pcb 

r x — ratio of actual stresses = 

Jcb 

Procedures. 

The procedures for the design of rectangular beams and for the determination of stresses 
in beams make use of the formulae in Table 66 and the data in Tables 67, 68, 69 and 70A to 70D 
The designs are based on the modular- ratio method with m = 15. 

To Design a Rectangular Beam to Resist a Given Bending Moment with Given 
Stresses. 

Method (a). — For the given stresses find Q e from Table 68 and find bd\ required from 

Select suitable values of b and d x from consideration of shearing, or from Table 69 to give the 
required value of bc£[. For the ratio of the given stresses find a x from Table 68 and the amount 
of the tensile reinforcement A 8 t from formula (10) in Table 66 with l a — a x d x . 

Method ( b ). — If the permissible stresses are any of those in Tables 70A to 70D, assume an 
effective depth d x and read from the appropriate table the moment of resistance corresponding 
to this depth. The applied bending moment divided by this moment of resistance gives the 
breadth of beam required. If the relative values of d x and b thus derived are unsuitable, 
select another value of d x and repeat. From the same table read the area of reinforcement 
for the selected value of d x and multiply this area by b to give A st . 

Method ( 0 ). — If Tables 70A to 70D do not apply, for the permissible stresses read r x , n x , 
a x and r t from the curves in Table 67, and calculate Q c from formula (8) in Table 66. Then 

fci? is calculated from 77-, and b and d x are obtained from Table 69. The area of tensile rein- 
forcement is found from A ,t = r t bd x . Alternatively, the values oin x , a x and Q c can be obtained 
from formulae (ia), (5), and (8); then bd\ = ~) find b and d x from Table 69 and A s t from 
M Q ° 

* diPn va * ues °* ^ an< * should be checked to ensure sufficient resistance to the shearing 

force. 



RECTANGULAR AND FLANGED BEAMS: FORMULAE. —TABLE 66. 

MODULAR RATIO METHOD. 


MODULAR RATIO® ID-li 


n,d, 

t T — . . 

r c 

J.,f .* ACTUAL STRESSES IN 
'SC 1 CD PENSILE REINFORCEMENT 

I 

i 

ft 

AND CONCRETE 

r 

j ■ 

(a 

p,,p.B PERMISSIBLE STRESSES 
K st’ rcb IN DITTO 

w 

id 

i 

( d n 
» 3 

r t « A*k r c * Asc 




bd 


bdt 


CC ’ C * 1 N CONCRETE AMD 
COMPRESSION ntlNFT. 


• r==7- T -a =.„ — — 





TT. 



oc / 

/ 

/ 

LZ 



FAECTANGU L AA BEAM 


FLANGED BE AM(d n >d^j 


o| 

zs! 

O _■ 

Ei 

*o »- 

° =i 

°-s 


OR 

n, * 


", d i 

i 


© 


WITH TENSILE REINFORCEMENT ONLY 


1 + 


isfc 

™fcb 

1 .©I 


1 + 


Pst 

™Pcb 


n l-J( mr t) 2+ ^ mr fc ~ rrlr fc ® 

WITH compression reinforcement _ 

, @| 

n i 35 ( r t+ 2m(r t +f 2 r c )-w(r t ^) 


. wd t A st ^ b d; 
n mA s t+bd s ® 

n , mciiiii 


mr t + s 


i a = a,d, © 

CONCRETE ONLY 

4c= °C d l ©I 

COMP.REINF.ONLY^I 

b o H =d.~ 

as 


WITH TENSILE REINFORCEMENT ONLY 

A- *«•«», -$H 

WITH COMPRESSlon REIN FORCEMENT 

a i = 




APPW *- © 


©; 

£ a “ d,~ id; approx. @ 

a, = 1 --jrSi AfPRox. © 


O w 
u u 

z 
H < 

Z H 

al </> 
^ VO 

O uj 

£ (C 


COMPRESSION ® 

^rc=^cc4c+ F cs^| 

TENSION @ 

M rt = 4 A sfc{st 


WITH TENSILE REINFORCEMENT ONLY (?) 

M re» Qcbd?-, Q c = i n iO's n i)fcb 

M rt - a,r t f sl bdf © 

with COMPRESSION REINFORCEMENT (gj 

Mrfc- a, r t f t [.bd? © 


Mrf( ld n d sX d >-i d s)%^.© 

<-Or\ 

*( 2n i‘ s X'-i s .)^^bd!© 

” i(d|-ids)fcb w s ® 
Rt- A st(df4d 8 )f eb «wox. ©I 


TO RESIST 

bending moment 
M 

M c «*M r OF CONCRETE 
M s s M r RECIUIREO 

from comp. 

REINFORCEMENT 


WITH TENSIL E REINFORCEMENT ONLY 


TH COMPRESSION REINFORCEMENT 

1 C = Q e bd^ ; M s -M-M c © 

__Ml .a ./'Mc.Mi.U 

*Vo(d^)U’b Jp st 


A sf 


M 


©I 

© 


0>id|pst 
M 
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b ^(adn-djdids^sftb© 

0PAfrrox.b< © 


PROPORTION OF 
TENSILE REINFORCEMENT 
FOR 

BALANCED DESIGN 

. _ A sb 


WITH TEN51LE REINFORCEMENT ONLY 

2 Pst 

WITH COMPRESSION REINFORCEMENT 


® 


bd 


r .'[iviMpSf^S © 




MAXIMUM 5TRE5SES 


L- 


M 


• 5t = jji L - m (VO © 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD 
{continued from page 254). 

To Determine the Stresses in a Rectangular Beam Subjected to a Given Bending 
Moment* 

Method (a). —Determine r t from the given data and from Table 68 find the correspond- 
ing values of a x and r v Then the maximum stresses are given by formula (14) in Table 66, 

in which l a — a x d x \ or / c & = 

Method (6).— Determine from Table 67 the values of a x and n x corresponding to the known 
value of r t [or calculate n l from formula (2) and a x from formula (5) in Table 66]; also find the 
corresponding value of r x and calculate the stresses as in Method (a). 

To Determine the Moment of Resistance of a Rectangular Beam at Given Maximum 
Stresses. 

Method (a) —Determine r t and from Table 68 find the values of a x and n v The moment 
of resistance based on the reinforcement is given by formula (8a) or, based on the concrete, by 
formula (8) in Table 66. If the two results differ, the maximum safe moment of resistance is 
the smaller of the two calculated moments. 

Method {b). — Determine r t and find the corresponding value of a x and n x from Table 67. 
The moments of resistance can then be calculated in the same way as in Method (a). In 
Methods (a) and (6) it is not necessary to calculate the moments of resistance for the resistance 
of the reinforcement and the concrete if the ratio of stresses r x corresponding to r t is determined 
(from Table 68 or 67). If r x is greater than the ratio of the permissible stresses, the moment 
of resistance of the reinforcement is the safe moment of resistance, and, if smaller, the moment 
of resistance of the concrete is the safe value. 


To Design a Rectangular Beam with Compression Reinforcement. 

Method (a).— With given, or selected, values of b and d x find Q e from Table 68 for the 
specified permissible stresses, and from the same table find the value of n x for the ratio of these 
stresses. The required moment of resistance to be provided by the compression reinforcement 
is Ms ■■ M — Q<}>d\. Substitute in formula (10a) in Table 66 to find A tc , the area of com- 
pression reinforcement required. Evaluate the lever arms l at from formula (46) and l ac from 
formula (5), or approximately from formula (5b), and find the area of tensile reinforcement A s t 
required from formula (10a) in Table 66. If A sc is greater than A 8t , Method (c) should be used. 
If the stresses in Tables 70A to 70D apply, these tables can be used directly if A,t ~ A tc . 

Method (6). — Find n x and a x from Table 67 for the given stresses, and calculate Q c . Then 
proceed as Method (a). 

Method (c). — If in Methods (a) or ( b ) A tc exceeds A, t the “ steel-beam ” theory can be applied 


by substitution in A t % 


M 

laspst 


and Age 


M , 

latpse 


To Determine the Stresses in a Rectangular Beam with Compression Reinforce- 
ment. — Determine n 1 from formula (2a) and a x from formula ($a) [or approximately from 
formula (56)]. Substitute in formula (14), in which l a = a x d v to give the maximum stresses. 

To Find the Moment of Resistance of a Rectangular Beam with Compression 
Reinforcement. — Determine n x and a x from formulae (2a) and (5a), or (56) for the known 
values of r% and r c . Substitute with the permissible stresses in formulae (86) and (8c) in 
Table 66; the smaller of the two moments is the safe moment of resistance. 


To Design a Flanged Beam for Given Maximum Stresses and a’Given Bending 
Moment.— The thickness of the slab d gl the effective depth d x , the breadth of the rib b r and 
the maximum effective width of the flange 6 are generally known since they are determined 
from considerations other than the bending moment on the beam. Find n x for the given 
stresses from Tables 67 or 68 or from formula (ia). If n 1 d 1 does not exceed d t , proceed as for 
a rectangular beam. If d n (= n x d x ) exceeds d t , find a x from formula (6a) and A iX from formula 
(n). Check the breadth of flange required from formula (116) in Table 66. 

For approximate calculations, l a is given by formula (66), A it by formula (na), and 6 is 
checked from formula (11c). 



PLANE FACTOR 


RECTANGULAR BEAMS: DESIGN FACTORS.— TABLE 67. 

MODULAR-RATIO METHOD. 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD 

Beams with Irregular Cross-section. — Beams of irregular cross-section can be conveniently 
designed by the following semi-graphical method. 



Draw the cross-section to scale as in the diagram and assume a position for the neutral plane 
Divide the area above the neutral plane into strips parallel to the neutral plane. For irregular section, 
the depth h of each strip should be equal, but any regularity in the shape of the cross-section may sug- 
gest positions for the boundaries of the strips such that each strip is a common geometrical figures 
The area at is the area of each bar, or of a number of bars each of which is at the same distance pt 
from the lowest bar or bars. The measurements to be taken from the diagram are (1) at and the cor- 
responding distance pt\ (li) g, h, and he for each of the strips above the neutral plane. The following 
summations are required, and these can best be made in tabular form: St =* Zat[d t — d n — pt)\ 
St - Sat{d x - d n - pt)pt\ S, * £(gh)(d n - he)) and S 4 - Z(gh)(d n - h 0 )h e . The product (gh) is 
the area of each strip above the neutral plane and, if there is any reinforcement, say, a e , in any strip, 
{gh) should be increased by (m - i )a c . § 

The position of the centre of tension above the lowest bar or bars is pr — ^ The position of 

the centre of compression below the top edge of the section is p e = ^- 4 . The lever-arm U — di—pc— pr. 

Having evaluated numerically the foregoing terms, they are substituted in the following expressions 
to determine the maximum compressive stress in the concrete and the maximum tensile stress in the 

steel: fa « and f,t = t * where M is the applied bending moment. 

The assumed depth to the neutral axis is checked by substitution in formula (i) in Table 66. If 
the difference between the assumed and calculated values is greater or less than, say, h the depth of 
one strip, another value between the two foregoing values should be assumed. The adjustment to 
the summations is easily made because the distances he and pt are measured from the outer edges of 
the section, and the adjustment consists of adding or deducting one or more strips and excluding or 
including one or more areas at of reinforcement below the neutral plane. 

I-Beams. — The formulae for the design of a beam of I-section are as follows. 

Moment of resistance: 

Q'bd x ' - M 

Area of tensile reinforcement: 

(0‘5fii 4- Ct — C %)bd\Pet> 


Att 

in which 

Q' 

c, . 


p*t 


■ Qc + c,( i 


-/’)-?( 3 


2 y 


- »i)J 


peb 


m -/>) 

n x 

fi -« )(», -y)» 

2ft x 




N 


xS 


N 


Ty, 




The method of designing a beam to resist a bending moment M is first to determine the neutral- 
plane factor n t from Tables 66, 67 or 68 for the given permissible stresses. The moment of resistance 
factor Oo is obtained from formulae in Table 66 or from Table 68. Assume, if they are not given, the 
dimensions d u b, xb, yd x , and ftdf Calculate C, from the formula above. The value of C x required is 
*" M Qe , Cj , 


C x 


+ ?< 3 


2 y 


X -/.• 


I MSP* 

The cross-sectional area of compression reinforcement required is: A 


C x n x bd x 


Att is cal- 


culated from the formula given above. The lever-arm U is 
, shearing force 
xbU * 


M 

Aftpbt 


I4(»» - /»)* 

The maximum shearing stress 


RECTANGULAR BEAMS: DESIGN FACTORS.— TABLE 68. 

MODULAR-RATIO METHOD. 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD. 


Curtailment of Bars. — The positions at which some of the bars in the bottom of a beam 
can be terminated or bent up can be estimated from the data in Table 69. The positions 
indicated by the coefficients k lt k 3 and k 3 are those at which specific bars are no longer required 
as tensile reinforcement; if they are not bent up, the bar should be continued a distance of not 
less than twelve times its diameter beyond the position indicated. 

Example . — Determine the minimum distance from the supports of the end-span of a con- 
tinuous beam, carrying a uniformly-distributed load, that two bars can be bent up to assist 
shearing resistance; the total number of bars of equal diameter in the bottom at mid-span is six ; 
the span of the beam is 20 ft. 

From Table 69 for the second bar of six, k 2 = 0*30 and k z — 0*18. Hence the distance 
from the inner support is 0*30 X 20 = 6 ft. and the distance from the outer support is 
0*18 x 20 = 3 ft. 7 in. 

Examples of Use of Tables 68 and 69. — The designs in the following are to be in accord- 
ance with the modular-ratio method with m = 15. 

(a) Design a rectangular beam to resist a bending moment of 500,000 in.-lb. with 
maximum stresses of 18,000 and 750 lb. per sq. in. From Table 68, Q e = 126. Hence 

*500 OOO 

bd x * as — = 3968. From Table 69, if b — 10 in., d x — 19 in.; therefore make the total 
depth 21 in.; d x = 19*5 in., r x = = 24; from Table 68, a x = 0*87. 

Hence A, t = — = — — s == 1-64 sq. in.; three 1-in. bars (Table 60). 

0-87 x 19-5 X 18,000 ’ M ' 8 \ ) 

(b) Calculate the maximum stresses in a rectangular beam 15 in. deep overall (effective 
depth es 13! in.) and 9 in. wide, reinforced in tension with two i-in. bars, and subjected to a 
bending moment of 200,000 in.-lb. A,t — 1*57 (' Table 60). 


ioor t = 

From Table 68: a x — 0-85 and r x = 18. 
, 11,100 _ 

Jeb = q— = 617 lb. per sq. in. 

10 


1*57 x 100 
9x13* 5 

/* = 


1*29. 

200,000 


0-85 x 13-5 X 1-57 


= 11,100 lb. per sq. in.; 


(c) Calculate the moment of resistance of the beam in ( b ) if stresses are not to exceed 
18,000 lb. and 1000 lb. per sq. m. 100 r t = 1-26, a x — 0*85, n x = 0-46 {Table 68). 

M r (tension) = 1*57 x 18,000 x 0-85 x 13-5 = 324,000 in.-lb. 

M r (concrete) = 9 x 0-46 x (0-5 x 1000) x 0-85 x 13-5* = 320,000 in.-lb. 

Hence the compressive stress controls, and safe moment of resistance is 320,000 in.-lb. 

(d) Calculate the amount of tensile reinforcement in a tee-beam, the rib of which is 10 in. 
wide and extends 18 in. below the soffit of a 6-in. slab. The span is 18 ft. and the distance 
between adjacent beams 8 ft. Maximum stresses not to exceed 18,000 and 750 lb. per sq. in. 
Bending moment — 1,800,000 in.-lb. 

Effective breadth: Available slab — 96 in., or £ span = 72 in., or 
I'zdt -f b — (12 x 6) + xo = 82 in.; 

hence maximum b ~ 72 in.; effective depth, say, 20-5 in. (Two layers of bars.) From Table 
68» d. n (for r x = 24) = 0*39 x 20*5 = 8 m.; the neutral plane is below the slab; l a — 20*5 + 3 
~ 17*5 in. From formulae in Table 66, 

check M re — x 8) - 6] = 3,530,000 in.-lb., which is ample. 

. 1,800,000 ... 

A,t “ 18.000 x 17-5 = 571 Sq ‘ m - ; Say ' S1X I *' ln bars - 
{e) Calculate the moment of inertia of tee-beam of 20 ft. span with rib 8 in. wide and 

16 in. deep below a 4-in. slab. d t « 4 in. d « 4 in. + 16 in. 20 in. ~ » -i- = 0*20. 

. . » 20 

b r — 8 m. From Table 69, the effective width of flange b is the smaller of (i) 12 d $ -|- b r 

« (12 X 4) + 8 « 56 in., and (ii) * 6 ft. 8 in. Hence b = 56 in.; ~ ~ =» 0*14. 

d b b 56 

From Table 64 with ~ « 0*20 and ^ = 0-14, C * 0*175. 

Therefore the moment of inertia is 0*175 x 8 x 20* «■ 11,200 in. 4 



'ISSF TERMINATING GR BENDING-UP BARS VALUES OF bd 


RECTANGULAR AND FLANGED BEAMS. — TABLE 69. 


MISCELLANEOUS DATA. 


EFFECTIVE DEPTH d, 


PlEi ra EIBiranHB UBilHU BHaiBI BIHBBBIBBigE Bai 

|EMiEai^i^Enc5acniH53EizaRiifeHiiPa5nE?iir^i'si!i['?.Miv^:iPH3f>in^i 



|^aE3Eaill3nB3IES®3!E!3^raaE3B!nEEE^SE3SSlBiaS!afH3ES3| 


f OSITION P AT WHICH SAKS IN BOTTOM OF BEAMS CAN BE BENT UP OA STOPPED. 

MAXIMUM DISTANCE FROM SUPPORTToPlS KL. 

IF BAA IS NOT BENT UP AT P SUFFICIENT BOND LENGTH MUST 

>fflTmmK be provided beyond p. 



SBBBB B EiflHnaM aaHnaaa hei mmmI 
HBiBana EgggBMB bbeihmib ramra—l 


\m 

m 


ES B9 B0 Bp El B ! B3 ES Bl BH ISi B I El H9 B9 BS El B ! SI IH BH HB l!l I 
siSBaBsiEHraErararaniiraBiHaraEniaratriBHBaDBj 

H59B3fflE3BSiHE]E3nEllII3Hr« 

BBB3EEBlEBHPBBBEBB!B3fl3B! B BBBiB aBa l 


TEE- BEAMS AND ELL-BEAMS 

WIDTH OF FLANGE b NOT GREATER THAN 

THE LEAST OF THE FOLLOWING DIMENSIONS:- 

(|) DISTANCE BETWEEN CENTRES OF ADJACENT BEAMS. 

( 2 ) £ 3 ^ FOR TEE -BE AM. ^^FOR ELL- BEAM. 

(3) (l2d 5 +b r ) FOR TEE BEAM. (4d $ + b r )R5R ELL-BEAM 


b (tee beam) 
rdc I b Cell beam) 



RECTANGULAR BEAMS 

TENSILE R 61 MFT. ONCf ] WITH COM PRE S SION Rf INFT. 


I 


FLANGED BEAMS 


EFFECTIVE AREA A e 
NEUTRAL PLANE d n 
MOMENT OF INERTIA 

I 


SECTION MODULV5 
MAXIMUM STRE55E5 
MOMENT OP RESISTANCE 



Vd n M/ z D =y fd . dn) 

fc b» /Zo _ „ fa" Tzp 

1 %oPc b M r t*» Zc Pcb 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD. 


Examples of Use of Table 70 a or 70 b (Mild Steel). 

Examples (a), ( b ) and (c) apply to Table 70A (p s t = 18,000 lb. per sq. in.). The calcula- 
tions would be similar, but with different numerical values, if p at = 20,000 lb. per sq. in. 
(■ Table 70B). In examples (a) and (b) p C b = 1000 lb. per sq. in. ; m = 15. 

(а) Design a rectangular beam (tensile reinforcement only) to resist a bending moment 
of 450,000 in.-lb. 

Assume a breadth of 10 in. Moment of resistance required is 45,000 in.-lb. per inch of 
width, which is given by d x = 16 in. and A st — 0*202 x 10 = 2*02 sq. in. A beam of 18 in. 
overall depth and 10 in. wide with three i-m. bars is satisfactory. Other suitable sections 
can be determined by assuming other widths. The section must have sufficient shearing resist- 
ance and should be comparable in size to the span. If there is a difference between the effective 
depth of the section selected and that in the table, the reinforcement can be reduced thus: 
With overall depth 18 in. and i-in. cover, d x = 16*5 in. 

_ 450,000 

Qt =* ' io ~ x I 6^5 » = * or x 8,ooo lb., pcb~ 900 lb. per sq. in. (from Table 68). Hence 
r, = 20; a, - 0-857; A tt = - g ' 0 —-- „ i- 77 sq . i„., that is, three i-in. bars. 

(б) Determine the reinforcement required in rectangular beams of the sizes given if the 
bending moment is 750,000 in.-lb. 

(i) Overall depth 18 in. {d x — 16 in.); width 10 in. — This beam can resist 49,400 x 10 
= 494,000 in.-lb. with A tc = o, and 130,000 x 10= 1,300,000 in.-lb. if A BC — A, t . Com- 
pression reinforcement is required. The moment of resistance required from the compression 
reinforcement is 750,000 - 494.000 = 256,000 in.-lb. With r x = 18, n x = 0-455 {Table 68). 
From the formulae in Table 66 (assuming d % = 2 in.) l aB — 16 — 2 = 14 in.; d n = 0-455 x 16 

*= 7*3 ia. f to — - ~ z X 14 x 1000 = 10,170 lb. per sq. in.; A sc — 2 5<M^L_ — j.8o 

7*3 10,170 x 14 

sq. in., that is, three |-in. bars in the top. A n = (0-202 X 10) + -- 256,<5 °— — = 3-04 sq. 

x , . , 18,000 X 14 ^ ^ 

in., that is, three i£-m. bars in the bottom. With ij-in. cover, the actual effective depth 
is 18 7- i± — ft = 16-2 m., < 16 in. 

I**} ^ vera ^ depth 15 in. {d x =13 in.); width 9 in. — The bending moment per inch of 
width is 750,000 — 9 = 83,300 in.-lb. which, if the concrete is taken into account, requires 
Age = Agt — 0*416 X 9 = 3*74 in., that is three i£-in. bars in the top and bottom. Actual 
effective depth = 15 - U - i = 13-13 »n., < 13 in. l„, - 1313 - ij - f = 11-25 in. 
= °* 86 «i compared with the assumed 0-9 d x \ there is sufficient margin between the assumed 
and actual effective depths, and between the moment of resistance and the bending moment 
to compensate for the difference in the assumed and actual lever-arms. 

(iii) Overall depth 15 in. ; width 8 in. — Bending moment per inch of width is 93,800 in.-lb., 
> 85,800 in.-lb. {A t e — Agt for d x = 13 in. and concrete taken into account); apply “ steel- 
beam ” theory. Assume two layers of i-in. bars and i-in. cover; l aB — 10-5 m. A tt = A 8C 
750,000 

= 18:0^“^ = 3*97 sq- m., that is five i-in. bars top and bottom. 

(c) Determine the reinforcement in a beam 22 in. deep (d x — 19 in.) and 12 in. wide, 
subjected to a bending moment of 2,750,000 in.-lb. if the stresses are not to exceed 18 000 lb 
and 1100 lb. per sq. in. 

The bending moment per inch of width is 2,750,000 ~~ ■ 12 = 230,000 in.-lb., which re- 
quires the maximum (4 per cent.) of compression reinforcement. A ac — 0-04 x 19 X 12 
== 9*i3 sq. in.; A Bt = 0-792 X 12 = 9-5 sq. in., that is eight i£-in. bars in the top and bottom. 
Since the bars must be in two layers, the actual effective depth with i±-in. cover is 19-25 in., 
which is not less than 19 in. Also l a g = 16*5 in. = 0-87^! compared with the assumed ratio 
of 0'gd x ; since the area of compression reinforcement provided is 9-82 sq. in. compared with a 
calculated amount not exceeding 9-13 sq. in., there is a margin to allow for the lower stress. 

(d) Design a rectangular beam without compression reinforcement to resist a bending 
moment of 550,000 in.-lb with stresses not exceeding 16,000 lb. and 800 lb. per sq in 
f x — 20; therefore use Table 70B for p, t = 20,000 lb. and p te = 1000 lb. per sq. in., and 

design for a bending moment of 550,000 x =* 687,500 in.-lb. Assuming a width of 

12 in., the moment of resistance required is 57,300 in.-lb. per inch of width, which is given by 
an effective depth of 18 in. A tt = 0*192 x 12 = 2*3 sq. in., that is four f-in. bars. With 
i-m. cover, d should be 20 in. The remarks in example (a) regarding other sections apply. 



RECTANGULAR BEAMS: RESISTANCE AND REINFORCEMENT.— TABLE 70a. 

p« - 18.000 LB. PER SQ. IN.— MODULAR-RATIO METHOD. 



SEUKSSE 


mmmm 


Pcb 8 7 50 LB PER SQ.IN. iOOQ LB. PER SQJN, MOO LB PER, SQ.IN. 

A S c= O | A 5 ~ A sc * O A sc = A $ t Asc s O A sc « 4% 

Mr A 5 b Mr A 5 fc M r Ast Mr Ast Mp A§t Mr Ast 

1 2, GOO 0*080 2 2,500 0-14-2 13,300 0-126 SCJOO 0*320 2.2,100 0*147 05,800 0*417 

1 5.300 0*088 27/200 0-156 23,400 0*133 (51,400 0-352 26,800 0*162 79,700 0*453 

18,200 0-096 32,400 0-170 27,800 0*152 73,100 0*384 31,900 0*177 94,300 0*500 

21.300 0404 37,400 0-185 32,600 0*164 8 5,800 0*416 37,400 0-191 t! 1,000 0*542 

24,700 0-112 44,500 0*199 37,800 0*176 99,500 0-448 43,300 0-206 129,000 0-584 


5 28,5 0 0 0*120 51,20 0 0-213 43,400 0*189 114,000 0 480 49,800 0-221 148,000 0*626 

G I 32,300 0*128 50,100 0-227 491400 0-202 130,000 0-512 56,700 0*235 168,000 0*667 

36,400 0* 136 65, GOO 0*242 55,700 0*214 147,000 0*544 64,000 0*250 190,000 0*703 

40,800 0*144 73, GOO 0*253 62,500 0*227 165,000 0-576 V,JOO 0-264 21^000 0-751 

45,500 0*152 81,200 6-270 69,60 0 0*239 18 3000 0-608 80,000 0-279 238,000 0-792 



16*4 *^4% max. 


M r F Oft OTHEft COMBINATIONS OF STRESSES HAVING THESE RATIOS AftE PROPORTIONAL TO TENSILE STRESS. 


M r * MOMENT OF RESISTANCE IN INCH- POUNDS PER ONE INCH WIDTH OF BEAM. 

A^t« AREA OF TENSILE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM. 

Acc“ AREA OF COMPRESSIVE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM. 

DISTANCE BETWEEN CENTRES OF TENSILE AND COMPRESSIVE REINFORCEMENT ASSUMED 0*9 d.; 
IF ANY OTHER DISTANCE, Mr ANO Aft FOR A^A^MUST BE ADJUSTED. 
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TABLE 70b.— RECTANGULAR BEAMS: RESISTANCE AND REINFORCEMENT. 
MODULAR-RATIO METHOD. — p# « 20,000 LB. PER SQ. IN. 


MAXIMUM STRESS IN TENSILE REINFORCEMENT * 20,000 LB. PER $Q. IN. m*l5 



p c ^m 750 L8.PERSQ.tN. 


A sc x O 


P cb « IOOO LB. PER SQ.tN. 


^SC* A$t 


Pcb“ 1 100 LBPERS Q 


A sc = O I Asc * A st 





20 47/800 
21 43,100 

2.2 52,700 

23 03,200 

24 08,80 O 


74,700 

80,800 

87.000 
03, GOO 

101.000 

30 108,000 
3! 115,000 

32 122,000 

33 130,000 

34 138,000 


35 140,000 

30 155,000 


ffcCTORsI U9*5d 


Mr- FOR OTHERCONBIHATIONS OF STRESSES HAVING THESE RATI05 ARE PROPORTIONAL TO TENS/LE STRESS. 


M r ** MOMENT OF RESISTANCE IN INCH-POUNOS PER ONE INCH WIDTH OF BEAM. 

Ast* AREA OF TEN.SILE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM. 

Ajc- AREA OF COMPRESSIVE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM. 

DISTANCE BETWEEN CENTRES OF TENSILE AND COMPRESSIVE REINFORCEMENT ASSUMED 0-3 dtj 
?F ANY OTHER DISTANCE, M r - AND A&FOR A^«R^MUST BE ADJUSTED. 






































RECTANGULAR BEAMS: RESISTANCE AND REINFORCEMENT.— TABLE 70 c, 
P * « 27,000 LB. PER SQ. IN.— MODULAR-RATIO METHOD. 


MAXIMUM STRESS IN TENSILE REINFORCEMENT - 2^000 LB PER SQ.tN. m* JS 


fey 750 LB. PER SQ. IN. 


A sc" Ast 


Mi- I A st fl 


1000 LB. PER SQ. IN, 


sc" O 


Pd/* I 100 LB. PER SC*. IN. 






01 

0 

0 

0 

1 

25,300 

0 

0 

S' 

19,000 

0*073 

30,600 

0*117 

ro 

O 

O 

0*079 

36,400 

0*127 

26,500 

0*086 

42,800 

0*138 

30,800 

£ 

9 

0 

49,500 

0-t48 


22,400 

0-082 

31,300 

0*083 

25, 500 

0*066 

35,600 

0*088 

28,700 

0*070 

40, 100 

0*094 

32,3 00 

0 

A 

0 

0 

0*099 

35,900 

0*078 

50,200 

0*105 




33.800 0*082 55,600 0*110 62,800 0*132 101,000 0*212 7Z,BOO 0 * 154 j I Z /,000 

43.800 0*086 61,3 00 Q * H*6 63,200 0*139 I 12,000 0*223 80,300 0*162 140,000 

48,100 0*030 67,300 0-121 7 6,000 0-145 123,000 0*233 88,000 0*163 154,000 

52,600 0*034 73,500 0*127 83,000 0-152 134,000 0*244 86,200 0-177 168,000 0*306 

57,40 0 0*038 8 0,000 0*132 90,500 0-158 ( 46,000 0*254 105,000 0*185 183,000 0*322 

62,200 0*103 86,900 0*138 98,100 0*165 158,000 0*265 114,000 0*193 198,000 0*335 

67,300 0*107 94,000 0*143 106,000 0*172 ( 71,000 0*276 123,000 0*200 2 ( 5,000 0*348 

72,500 0*111 101,000 0*149 H 4000 0*178 184,000 0*286 133,000 0*208 232/000 0*362 

78.000 0-115 109,000 0*154 123,000 0*185 ( 30,000 0-297 143,000 0*216 249,000 0*375 

83,700 0*119 117,000 0*159 132,000 0*191 213,000 0*307 153,000 0*223 267,000 0*389 

89,600 0*123 ( 25,000 0 * 165 [ l4I,000 0*198 228 , 0000*318 164/900 0*231 286,000 0*402 

95.000 0 * 127 [ 133,000 0*171 151,000 0*205 243 000 0*329 175,000 0*239 305,000 0*415 

10^,000 0 * 131 1 142,000 0*176 161,000 0*211 259,000 0*339 186,000 0*246 326,000 0*429 

( 08,000 0*135 151,000 0*182 ( 71,000 0*218 275,000 0*350 ( 98,000 0*254 346,000 0*442 

( 15,000 0-139 ( 61, 000 0-187 ( 82,000 0*224 292/900 0*360 2 ( 0, 000 0*262 367,000 0*456 


(22000 0-144 170,000 0-(93| 192,000 0*231 310,000 0*371 223,000 0*270 1 390,000 0*469 

129,000 0*148 180,000 0*08 203,000 0*238| 328,000 0*381 235,000 0*277|4(2,000 0*482 

j 99-5d* 0*4$ I39d* 0*55 5>J 157 d* " 0*66%[ 253d^ 1-06^ I82d^ 0*77^J 31 8 d 2 } 1*34% 


[Mh FOR OTHER COMBINATIONS OF STRESSES HAVING THESE RATIOS ARE PROPORTIONAL TO TENSILE STRESS. 

tA r a MOMENT OF RESISTANCE IN INCH-POUNDS PER ONE INCH WIDTH OF BEAM. 

A t fc* AREA OF TENSILE REINFORCEMENT JN SQUARE INCHES PER INCH WIDTH OF BEAM*. 

A sc - AREA OF COMPRESSIVE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM# 

DISTANCE BETWEEN CENTRES OF TENSILE AND COMPRESSIVE REINFORCEMENT ASSUMED 0*9d f $ 
IF ANY OTHER DISTANCE, M r AND A^FORA^" ALMOST BE ADJUSTED. 
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DESIGN OF BEAMS: MODULAR-RATIO METHOD. 


Examples of Use of Table 70 c or 70d (High-yield- stress Steel). 


The following examples apply to Table 70D (p, t — 30,000 lb. per sq. in.) for the modular- 
ratio method with m — 15. The calculations would be similar, but with different numerical 
values, if Table 70c (p, t = 27,000 lb. per sq. in.) were used. 

(a) A rectangular beam of 1:2:4 concrete (p C b — 1000 lb.) 24 in. deep (d x — 22 in.) 
and 12 in. wide is to be reinforced with bars having a yield stress not less than 66,000 lb. per 
sq. in. {p 9t *= 30,000 lb. and p te — 23,000 lb. per sq. in. from Table 58). Determine the rein- 
forcement required to resist the bending moments in the following examples. 

(i) Bending moment 840,000 in. -lb. (70,000 in. -lb. per inch of width). With A 8C — o, 
M r « 71,600 in.-lb. per inch of width. Therefore A 8t = 0*126 x 12 = 1*51 sq. in., say, four 
J-in. twisted ribbed bars ( Tables 59 and 60) in the bottom. 

(ii) Bending moment 1,200,000 in.-lb (100,000 in.-lb. per inch of width). With A 8t — A sc, 
M r = no,ooo m.-lb. per inch. A et — A ac = 0*181 x 12 = 2*17 sq. in., say, three i-in. 
twisted ribbed bars (' Tables 59 and 60) in top and bottom. In this design the compressive 
resistance of the concrete is taken into account. 


(iii) Bending moment 1,800,000 in.-lb. (150,000 in.-lb. per inch of width). Since this 
exceeds 110,000 in.-lb. the “ steel-beam ” theory is applied and the resistance of the concrete 
in compression is neglected. The lever-arm l a8 is the distance between the centres of the tensile 
and compression remforcement, say, 22 — 2 = 20 in. 


A 8 t — 


1,800,000 . . 1,800,000 

_ 3-0 S q, in.; A sc = — — 3-9 sq. in. 

30,000 x 20 u 23,000 x 20 ^ 


Using 1 -in. twisted ribbed bars, four bars are required in the bottom and five in the top 


REINFORCEMENT IN SOLID SLABS. 

Main Bars. — V arious arrangements of the main reinforcement in slabs are illustrated in 
the diagram. Ordinary floor slabs are generally as the design at (a). When the live load is 
so large compared with the dead load that remforcement against negative bending moments 
is required in the middle of the span, the design at (6) is suitable. Hooks or similar end- 
anchorages are not generally necessary on bars in slabs, except at the outer supports of end- 
spans. If the design at (b) is adopted hooks might be provided as the bars may terminate in 
a tensile part of the slab. 


FtF 3 


■AlTES^tt ftA.CS 

end spans 




The spacing of the main bars in a slab should not exceed three times the effective depth 
of the slab. For slabs spanning in two directions, the spacing of the bars in either direction 
should not exceed three times the effective depth, and the bars across the shorter span should, 
at the midspan, be placed under, and at the supports over, the reinforcement at right-angles 
to this span. 

Minimum Amount of Reinforcement. — Whatever amount of tensile reinforcement is 
required by calculation to resist the bending moment, the area of steel should be not less than 
0*15 per cent, of the gross area of the concrete. 

{Continued on page 268.) 


RECTANGULAR BEAMS: RESISTANCE AND REINFORCEMENT.— TABLE 70o. 

pH - 30,000 LB. PER SQ. IN. MQDULAR-RATIO METHOD. 


MAXIMUM STRESS IN TENSUE REINFORCEMENT « 30,000 LB.PER SQ. IN. m * 15 


p cb .l°0° LB. PER SQ. IN. | 1*250 ia PER SCLJN. 


Asc* Ait 



M r FOR OTHER COM8INATIONS OF STRE5SE5 HAV1N0 THESE RATIOS ARE PROPORTIONAL TO TENSILE STRESS. 


M r a MOMENT OF RESISTANCE IN INCH -POUNDS PER ONE INCH WIDTH OF BEAM. 

Ast" AREA OF TENSILE REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OF BEAM. 

Asc* AREA OF COMPRESSION REINFORCEMENT IN SQUARE INCHES PER INCH WIDTH OP BEAM. 

DISTANCE BETWEEN CENTRES OF TENSILE AND COMPRESSION REINFORCEMENT ASSUMED O-Bd,; 
IP ANY OTHER DISTANCE, M r AND A* t FOR A^* A^ MUST BE ADJUSTED. 


S 
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REINFORCEMENT IN SOLID SLABS [continued from page 266). 

Distribution (Longitudinal) Bars. — In slabs spanning in one direction bars should be 
provided at right-angles to the main reinforcement. The B.S. Code recommends that the 
area of such distribution bars should not be less than 0-15 per cent, of the gross area of the 
concrete; the spacing of the distribution bars should be not greater than five times the effective 
depth, although this spacing may be excessive in slabs exceeding 6 in. in thickness. The 
London By-laws require 10 per cent, of the area of the main reinforcement; in bridge decks 
the Ministry of Transport requires 40 per cent, for spans of 4 ft., 50 per cent, for 6 ft., 55 per 
cent, for 8 ft., and 60 per cent, for 10 ft., but in no case need the area exceed 0*5 sq. in. per foot 
of width. B.S. No. 153 (Part 3 a) requires 50 per cent, in reinforced concrete deck slabs for 
steel bridges, Fabricated meshes do not always have sufficient transverse bars to provide the 
foregoing amounts and the deficiency has to be made up by an additional sheet or by wiring 
bars to the main fabric reinforcement. 

Where slabs span in one direction there is generally a negative bending moment over main 
beams parallel to the span. Reinforcement in the top of the slab at nght-angles to the main 
reinforcement is therefore required. The area of the reinforcement provided for this purpose 
should be 0*3 per cent, of the gross cross-sectional area of the slab. The spacing of these 
bars should not exceed three times the effective depth, and the bars should extend on each side 
of the beam an average distance of six times the thickness of the slab. The ends of the bars 
should be staggered. 

DESIGN OF SLABS: MODULAR-RATIO METHOD. 

Table 71 . — The data in Table 71 are based on the principle that the effective depth of, 
and reinforcement in, a solid slab required to resist a given bending moment M are direct 
functions of Vm. The effective depth can be expressed by d x = k x VM', and the area of 
reinforcement per foot of width by A it ~ k 2 V M'. Values of k t and k 2 are given in Table 71 
for various stresses, and for these values M ' must be in foot-pounds. The method is to find 
from the table the value of k x for the permissible stresses and to determine the effective depth 
from the formula. If this depth is adopted, the value of k 2 applicable to the permissible 
stresses should be used to determine the area of reinforcement per foot of width of the slab. 
If a depth greater than that determined is adopted find the value of 

_ effective depth adopted 

1 ~ VW 

and find from the table the corresponding value of k 2 for the permissible stress in the reinforce- 
ment. Multiply this value of A 2 by V M' to give A 8 t • If a depth less than that first calculated 

is adopted, find the value of k x = — 6 C — - , and find from the table the corre- 

VM' 

sponding value oi k 2 for the permissible stress in the concrete, which should then be multiplied 
by V M' to give the area of reinforcement required. 

Example. — Design a slab to resist a bending moment of 2000 ft. -lb. per ft. width with 
stresses not exceeding 16,000 per sq. in. in the steel and 700 lb. per sq in. in the concrete, 

(i) At maximum concrete and steel stresses: 

Effective depth required = 0-091 V 2000 = 4-07 in. Total thickness of slab = 5 in. 

Area of reinforcement required — 0-0095 V 2000 = o*4 20 S< 1 - * n - P er It. 

(ii) Specified thickness of slab, 6 in. — d x = 5-25 in.; k x = — i — - — o-n8. 

V 2000 

With p 9t — 16,000 lb. per sq. in., the corresponding value of k % is 0-0071, and the area of 
reinforcement required is 0-0071 V2000 = 0-312 sq. in. per ft. 

(iii) Specified thickness of slab, 4i in. — d x * 3-75 in.; k x — - y -- - — = 0-084. 

V 2000 

With pcb — 700 lb. per sq. in., the corresp ondin g value of k t is 0-014 approximately, and 
the area of reinforcement required is o-oi^V 2000 = 0-625 sq. in. per ft. 



SOLID SLABS: DESIGN FACTORS. — TABLE 71. 

MODULAR-RATIO METHOD. 



800 [0-070 0 0155 0-000 0-0127 [0-083 0-010G 0-005 0-0090 0-007 0-0079 

925 Jo-0 7<3 0-0155 0-078 0-0130 0-081 0-0109 0-083 0-0093 0-005 0-0061 

85 0 0*074 0-OIG3 0-077 0*0133 0-079 0-0112 0-001 0-0095 0-083 0-0083 

8 75 0-073 OOIGC 0-07? 0-0136 0-077 0-0U4 0-073 00038 0-08 2 0-0085 



p 5t = TENSILE STRESS (LB. PER S<5.1 N.) IN REINFORCEMENT. 
p cb » COMPRESSIVE STRESS (LB. PER SCLtN.) IN CONCRETE. 

BENDING MOMENT (FOOTJjjB.) PER FOOT WIDTH OF SLAB. ^ 2 ** p ' 

EFFECTIVE DEPTH (INCH): d, = k ( /M\ r ~ 

TENSILE REINFORCEMENT (SQ,, IN. PER FOOT WIDTH): A$t * l<zj M! 

APPLICATION TO RECTANGULAR BEAMS. M**- BENDING MOMENT flNCH - Lg.\ 

J I / M ff M ?r b = BREADTH (inch). 


o.jiia*. 


a t dl|Pst 


Ctj * LEVER-ARM FACTOR, 


* For values of lever-arm factor a lt see 68. 
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REINFORCED CONCRETE DESIGNER'S HANDBOOK 

DESIGN OF SLABS: MODULAR-RATIO METHOD. 


Table 72 . — The data in Table 72 relating to moments of resistance and areas of reinforce- 
ment for slabs of various thicknesses from 3 in. to 9 in. are in accordance with the recommenda- 
tions of B.S. Code No. 1 14 for the modular-ratio method (nt = 15), using mild steel or high- 
yield-stress bars and various grades of 1:2:4 concrete. 

Example. — Select a slab to resist a bending moment of 2000 ft.-lb. (= 24,000 in. -lb.) per 
foot width. Maximum stresses: p $ t = 20,000 lb. per sq. in., and p C b = 1000 lb. per sq. in. 

The moment of resistance of a 4-in. slab with these stresses is 23,300 in.-lb. which may be 
near enough. The area of reinforcement required for this moment is 0*419 sq. in. per ft. 
width, which is given by J-in. bars at 5|-m. centres (see Table 60) in a 4-in. slab. 

If it is imperative that the moment of resistance must not be less than 24,000 in.-lb., a slab 
4$ in. thick should be provided (M r = 26,000 in.-lb. per ft.). The effective depth with £-in. 
bars and |-in. cover is 3*75 in. ; lever-arm (for r x = 20 from Table 68) is 0*857 X 3*75 = 3*2 in. 


24,000 


20,000 x 3*2 


•— = 0*375 sq. in. per ft.; £-in. bars at 6-m. centres are satisfactory. 


SLABS FOR LIQUID-CONTAINING STRUCTURES (B.S. Code No. 2007). 

Notation. 

d, d v b, l a \ Thickness, effective depth, breadth and lever-arm respectively of slab. 
M'rc, M'rg : Moment of resistance when not cracked and cracked respectively based on 
the thickness ( = R c d* and R s d % respectively). 

Qc’ Moment-of-resistance factor (no compression reinforcement) based on the effective depth. 

r Q — ~ (< 0*003 with mild steel bars or 0*0025 with deformed bars). 


Slabs subjected to Bending only. Cases I A and IB, Table 73. 

Resistance to Cracking. 


M’ rc = Red * = - - (I - «o)«o + r 0 {m - i)(^ 


in which 

Resistance when Cracked. 
in which 


* + '. 


(Z>- 


i + r 0 (m — 1 ) 

M' rs = R s d* = p*tr 0 (i — 



bd\ 



When the permissible tensile stresses in the concrete ( p ct ) and reinforcement {p 8t ) are 
270 lb. and 12,000 lb. per sq. in. respectively the expressions are as in Table 73 for b = 12 in. 

The curves give values of R e and R e for various values of ~ and r 0 . For each value of ~ there 


is a proportion r oE of reinforcement which gives equal values of R c and R 9t say Re, the adop- 


tion of which gives the most economical design. If Re is substituted in d 


, M being 


the bending moment to be resisted, the resulting value of d is the thickness of slab complying 
with the two design requirements if in a strip 1 ft. wide is not less than 12 r oE d sq. in.; 
corresponding values of r oE and Re are given in Table 73. 

The resistance of a slab with the proportion of reinforcement r oE is obtained by substitu- 
tion in M r = R E d*; the resistances and reinforcement of slabs of various thicknesses taking 

into account probable values of ~ are given in Table 73. 


If in a slab not less than 9 in. thick the tensile strain is at the face remote from the liquid, 
design as for an ordinary slab with p 8 t > 18,000 lb. per sq. in. in plain bars or 20,000 lb. per 
sq. in. in deformed bars, and the compressive stress in the concrete not greater than 1200 lb. 


{Continued on page 272.) 



SOLID SLABS: RESISTANCE AND REINFORCEMENT.— TABLE 72 . 

MODULAR-RATIO METHOD. 


MAXI 

WORf 
STRES 
LB. PER 
m a 

MUM 

THICKNESS (IN} 



a 

gj| 


B 

B 

B 

■ 

B 

UNG 

5 ES 

sq.iN. 

15 

COVER (IN.) 
(ASSUMED) 

BAR DIAMETER 
(ASSUMED) 
EFFECTIVE DEPTH 


1 


| 




| 

| 

| 


MMlUaii 

01 


■ 

Pcb 

750 

24 

Mr*l5i0d^ 

A st '0'05€cj 

8,050 

0-222 

11/400 

0-264 

16,000 

0*312 

7.600 

0-330 

23,400 

0-378 

35,000 

0-467 

53,000 

0-564 

61,200 

0*612 

7U00 

0*660 

8<%S00[ 

0*726 

! 8,000 

1000 

18 

M r =23IOd* 

A^0-152d, 

12,300 

0*350 

17,500 

0*410 

24,400 

0*494 

27300 

0-523 

3§800 

0*598 

54,700 

0-740 

79,500 

0-890 

95500 

0*970 

03000 

1*04 

32000 
IMS I 



14-4 

IV* 3168d* 
A s h-0-212d, 

16,900 

0*490 

24,000 

0*584 

33*600 

0-690 

37,400 

073 0 

40,100 

0-835 

72,000 

1*03 

109,000 

W4 

129,000 

1*35 

isqooo 

1*45 

101000 1 
1*60 

20,000 

750 

26§ 

M r .= !428di 
A sb =0*08!d, 

7,600 

0-187 

10,800 

0*222 

15,100 

0*262 

16,700 

0-278 

2^100 

0*3(9 

33,800 

0*394 

49,000 

0-475 

57,800 

0-5(6 

67,200 

0-556 

81,500 

0*612. 

tooo 

20 

M r -2200df 
A sb = 0*129d, 

11,700 

0*297 

16,600 

0-354 

23,300 

0*419 

26,000 

0-444 

34,100 

0-508 

52100 

0-628 

75,600 

0-755 

89,000 

0-820 

104,000 

0*885 

12^000 

0*975 

12. 50 

16 

M r =3042d* 

A st =0-184d, 

16.200 

0*425 

23,000 

0-506 

32,200 

0*598 

35,900 

0-633 

47,200 

0*725 

72100 

0*896 

105000 

1*08 

mooo 

H7 

144000 

1*26 

174OOO 

1*39 

27000 

ISO 

30 

M r = 1l80d^ 

A^O-O^d, 

6,350 

0*|!3 

9,000 

0-135 

12,600 

0-159 

14,000 

0*168 

18,400 

0*193 

28,100 

0*238 

4^800 

0*288 

48,(00 

0-312 

55000 

0*336 

6QOOO 

0*370 

1 000 

27 

M r 1884 df 

0*0794 1 

iqooo 

0*183 

14200 

0*218 

2Q000 

0*257 

22,200 

0-272 

29,200 

0-311 

44,700 

0-384 

64j900 

0-464 

76,200 

0*504 

89,000 

0*543 

108,000 

0*598 

1250 

21*6 

Mf=2052d^ 

A^O-lwa, 

14,100 

0*263 

zqooo 

0-314 

28,100 

0*370 

31,300 

0*392 

41,000 

0-449 

62700 

0*555 

91,000 

0-670 

107000 

0-727 

I2£}000 

0*705 

151,500 

0*863 

30,000 

750 

40 

M^M25df 

A^O04ld t 

6,000 

0*095 

8,500 

0*113 

It, 900 

0-133 

13,300 

0-141 

17, 500 

0*161 

26,700 

0*200 

38,700 

0-240 

45,600 

0*261 

53,100 

0*282 

64500 

0*310 

1000 

30 

M r -I77«d? 

KfO-OSld, 

9,480 

0*154 

13,400 

0*104 

18,800 

0-217 

20,900 

0-240 

27500 

0*268 

42,000 

0*326 

> Cl ,000 

0-392 

72000 

0*426 

82(500 

0*460 

10(000 

0*513 

1250 

24 

M f =25l4df 

A st =O-O08d, 

13,400 

0*222 

19,000 

0*264 

26,700 

0*312 

' 29,700 

0*330 

39,000 

0*378 

59,500 

0-467 

86,50C 

0*564 

) 102,400 

0*612 

> 118,500 

0*660 

1 144000! 

1 0*726 I 

mT- 

A s f 

IF col* 
FRC 

Mr 

AR1 

• MOMENT 

' AREA O 
■IBlNATlO! 
iM THE D 
FOP, OTP 
l PRO PO I 

OF Rl 

F TE 
S OF 
EPTH 
IER < 
MIC 

C51STANCE IN INCH-POUNDS PER FOOT WIOTH OF SLAB REINFORCED IN TENSION ONLY. 
NSILE REINFORCEMENT IN SQUARE INCHES PER. FOOT WIDTH OF 5LAB. 

ACTUAL COVER AND DIAMETER OF BAR GIVES AN EFFECTIVE DEPTH DIFFERENT 
TABULATED, Mr AND A sl S MOULD BE CALCULATED FROM BASIC FACTORS. 
:OMBlNATloN5 OF STRESSES HAVING THE SAME RATIOS T| AS TABULATED 

Vial to the tensile stress. fr *• Pst/p^b 


For example of use of this table, see page 270. 
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SLABS FOR LIQUID-CONTAINING STRUCTURES {continued from page 270). 

B.S. Code No. 2007. 

fW 

per sq. in. (Case Ia in Table 73); d x must be not less than / ttt in which Q c = 250 for 

Qeb 

pH — 18,000 lb., and 239 for p s t = 20,000 lb. per sq. in. If the thickness provided is such that 

I'm 

d v = \~Qb' A •* == °* OI 7^ and 0*0146^ sq. in. in width b if p, t is 18,000 lb. and 20,000 lb. 


per sq. in. respectively. If d x exceeds the minimum depth required, A 8t (in width b) = — -=- 

pwa, 

in which l a — 0*83 d 1 approximately. 

The moment of resistance is Qcbdfii An < 0-0176^! (or 0-0146^! with deformed bars) ; 
moments of resistance and corresponding amounts of reinforcement are given in Table 73 for 

probable values of 

Examples {Table 73). — Design walls of tanks for the conditions stated (Case IA). 

(a) . — Bending moment of 20,000 in. -lb. per foot. 

This design can be taken directly from the table headed “ Balanced Design ", since the 
moment of resistance of a 6-in. slab is approximately 20,000 in. -lb. The reinforcement 
required is (also from the table) 0-49 sq. in. per foot, which is provided by f-in. bars at 7$-in. 
centres with i£-in. cover. 

(b) . — Bending moment of 24,000 in. -lb. per foot. 

The curves in the table can be used directly to obtain a " balanced design." Assume 
~ = 0*7. (Compare with values on table headed "Balanced Design".) From curves, 


R e = Rg — Re — 580 and r 0 — 0-0067. d ■■ 


== 6-45 in.; that is, a 6£-in. slab. 


A,t — 0-0067 X 6£ X 12 = 0-522 sq. in ; provide £-in. bars at 7-in. centres; i£-in. cover. 

(c). — Check that an 8-m. slab reinforced with |-in. bars at 6-in. centres with i£-in cover 
and subjected to a bending moment of 36,000 in. -lb. per foot conforms to B.S. Code No. 2007. 
. ~ t k . • d-t 6*19 d 1 , . i 

/f — H t 1 JL h.TA in • ± - — a • — — t • A . — o.hT a cn in • 


d x — 8 — 1$ — & = 6-19 in. ; — = 


= °‘774; -r = r--; = 1*29* A it = 0-614 sq. in.; 
“1 0 774 


r Q = - = 0-0064. Substitute in formulae in Table A. 

0 12 x 8 ^ 

* - * ± (14 X 0-0064 x 0-774 ) _ 

0 1 + (14 x 0-0064) 5 3 * 

R c = ~ (1 - 0-523) 0-523 + [14 X 0-0064 (0-774 - o-523) a ]} = 607. 


, / 36,000 

\J 607 


7-70 in., which does not exceed 8 in. 


15 X 0*0064 X T ’ 2 9 = 0-124; n i 


V (0-124)* + (2 x 0-124) — 0-124 — 0-39. 

36.000 „ „„ 


a, = i - (J X 0.39) = 0-87; A.t < r - ooo x 0 . 87 - 6 . 19 = 0-558 sq. in. per foot. 

which does not exceed 0-614 sq. in. Therefore design is satisfactory. 

Note. — For designs in Case IB, the procedure is as in the foregoing if d < 9 in., and as for 
ordinary designs if d <fc 9 in. 

Slabs subjected to Direct Tension (Case II, Table 74). 

Resistance to Cracking. — Determines the thickness of the slab. 

T = pct[db 4- (w - 1 )Ait]. 

Resistance when Cracked. — Determines the amount of reinforcement. 


If A,t = r 0 bd , r 0 = 


- (m - 1) 


[1 + (m — 1 )r t ]bpct 


The expressions in Table 74 give values of r 0 and d for a slab subjected to a tensile force 
T lb. per ft. if p c t and p t t are 190 lb. and 12,000 lb. per sq. in. respectively. 

{Continued on page 274.) 



SOLID SLABS: LIQUID-CONTAINING STRUCTURES. — TABLE 73. 

(B.S. CODE No. 2007.) BENDING ONLY. 


IN ACCORDANCE WITH B.S. CODE NO. ZOO’J. 

concrete: nominal proportions i : t‘G: 3-2 m »15 
MINIMUM PROPORTION OF REINFORCEMENT r o 0-003 
MINIMUM COVER: !*£ IN. bcl A 

BENDING MOMENT” M IN." LB. PER FOOT. ^ 

RESISTANCE TO CRACKING. 

DETERMINES THICKNESS d. p L >27QU 


GIVEH OR ASSUME r o AND 

d-tfir f 


d - 
WHERE Fv 


b « t2 IN, j 

M T rc = R c d* 

p c( > 270LB/SQ.IN. 

nr-[i-('-"o)n 0+ l4r 0 (^-n 0 ) 2 ] 


OESIGN FOR STRENGTH. 


3240 ft 
» “ "o L; 
-2 4- 14r 0 ( 
l +I4r 0 


CASE IA 

BENDING 

ONLY 


v STRE5S 
AT FACE 
IN 

CONTACT 
WITH 
LIQUID ) 


DETERMINES REINFORCEMENT A sfc . p sfc > 12,000 LB. /SQ.lN. 

a M r~~r~ ~~ 


A St^ 12/ 


ooo a,d. 


and n.-Jr $ + 2r r r s i 
[r s * 144,000 h 0 a, d, dj 


where a, = 1-% rij 
r • r _ ic^ f A\ 


=,5r °u) 


soo I 

0 003 




=d 

t 

I 



F 

lo 

12 


0 OOS 0-007 

0-009 

15 

0 004 0-006 0*000 
„ Ast 

°~ bd 

0*01 

18 

24 


BALANCED DESIGN 
POINTS THUS® INDICATE 
VALUES OF 

r OE andr c -r s=! r e 

FOR BALANCED DESIGN AND 
ARE APPLIED IN THE TABLE 
BELOW TO SLABS OF THE 
THICKNESS STATED. 


d d { 

IK. IN. lNrLB./FT. <f> SQ IN/FT 

4 2-25 0, 900 !? 0-33 

4i 2-69 10,300 0-41 I 

5 3-19 14,200 H 0*43 

G 4*19 20,000 % 0- 49 1 

7 5*19 29,200 0-54 

_8_G^9 3^800 O-GO 
3 7*12 29,400 O-GG 


24 220 380,100 t*G4 


(a) d< 3 IN. ADOPT CASE I A. 

CASE I B (b)d<fc 9 lN. DESIGN FOR STRENGTH ONLY 

BENDING 18,000 LB. /SQ. IN. (PLAIN BARS) OR 20,000 LB./SAUN, (DEFORMED BARS) 1 

ONLY - Pcb> 1200 LB./SQ.1N. 


r TENS1LE 
' STRESS 
AT FACE 
REMOTE 
FROM \ 
LIQUID.) 


PLAIN') OR 
BARS/ OR * 


( DEFORMED j 
V BARS / 


d « d, 4 ITLIN. +i(DJAM. OF BAR). 


A - W f PLAIN \ M /DEFCRMEDN . Acfc 

sl ~ 1 5 , OOO d j V 8AF ^/ IG, 840 cT| > 0ARS /* r o = T2j 

STRE5SE5. GIVEN d, AND T 0 . Hj AND AS CASE IA. 

f . -- M J - j GiL l- 

•At lZr 0 a,d,d /<* I5(i-n,) 
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REINFORCED CONCRETE DESIGNER’S HANDBOOK 


SLABS FOR LIQUID-CONTAINING STRUCTURES (continued from page 272). 

B.S. Code No. 2007. 

Slabs Subjected to Direct Tension and Bending (Cases IIIA and IIIB, Table 74). 

Tensile Strain at Face in Contact with Liquid, e = ~ 


Tensile Stresses only. — e > d x — \d. 

Resistance to cracking (determines thickness of slab). 

sa[Y+ *,„(*, _i) + [i + 4rt(w _ I} ^_i 


> pet (direct tension) 


Resistance when cracked (determines the amount of reinforcement). r 0 = proportion of 

j* r e ”1 

reinforcement near each face. — r 0 < — — — _ , 

2 pttba 1 t * a . 

d t — — 

1 2 

Evaluation of these expressions for p c t — 190 lb. and p 8t = 12,000 lb. per sq. in. 
(b — 12 in.) are given in Table 74. 

Tensile and Compressive Stresses. — e > d x — \d. Neglect tension reinforcement. 
Resistance to cracking (determines thickness of slab). 

ST — r~r~ \ 1 — f — -= > Pet (bending tension) 

L U ~~ 1 ~ ” o) ”° + r ° (m _ ^\d ~ ”V J 

i+ (m - 1 )(^Vo 

in which n 0 = , \ - . 

1 + (m - i)r 0 

Resistance when cracked (determines the amount of tensile reinforcement). 

The expressions in Table 74 are for p c t = 270 lb. and p 8t = 12,000 lb. per sq. in. (6 — 12 in.) 
Tensile Strain at Face Remote from Liquid. 

Slab less than 9 in. thick. — Design as for Case IIIa, (a) or (b) as applicable. 

Slab not less than 9 m thick. — If d and d x are known, or assumed, 

A gt = ^~ t (^ + J i* 1 which e 8 = e + \d — d x . d x — ^ J approximately. 

Q 0 is the moment-of-resistance factor for the stresses p 8t and p C b- 

If e > d x , the value of d x required to ensure that p C b is not exceeded should not differ 
much from that calculated from the foregoing expression; if e < d x a slightly thinner slab 
may be sufficient. In doubtful cases, calculate by the ordinary methods. 

The expressions in Table 74 apply to p 8 t — 18,000 lb. for plain bars or 20,000 lb. per sq. in. 
for deformed bars, p C b> 1200 lb. per sq. in. (6 = 12 in.). 

Examples (Table 74). — Design walls of tanks for the conditions stated. 

(а) . — Direct tensile force of 25,000 lb. per foot (no bending). — Case II. 

d — ? = 8*53 in. ; say 8$-in. slab. 

2930 3 8 

A t t — 0*244 x 8*5 = 2*07 sq. in. per ft; i-in. bars at 9-in. centres in each of two rows. 

(б) . — Tensile force of 12,000 lb. per foot, and bending moment of 20,000 in.-lb. per foot. 

Assume d = 8 in. and d x » 8 — 2 = 6 in. ; d x — = 6 — 4 = 2 in. 

20,000 

e — — a 1*67 m. (> 2 in.; therefore Case IIIA a applies.) 


12.000 / 

8.000 x 8\ 


f _ 12,000 r 1 . 1*67 x 8 “I 

Jet 12 x 8 Li + (28 x 0*0095) + (i X 8*) -f (56 x 0*0095 x 2*)J 

= 230 lb. per square inch (approx.) which exceeds 190 lb. per square inch. 
(Continued on page 282.) 



SOLID SLABS: LIQUID-CONTAINING STRUCTURES.— TABLE 74. 

(B.S. CODE No. 2007.) TENSION AND BENDING. 


IN ACCORDANCE WITH 0.5. CODE No. 2007. 

CONCRETE*. NOMINAL PROPORTIONS I M G.* 3* 2 . 171*15 

MINIMUM PROPORTION OF REINFORCEMENTS r Q - — ^ 0-003. 

minimum cover: \*i in. _ bci 

DIRECT TENSILE FORCE — TLB. PER FOOT. BENDING MOMENT” M INrLB. PERFT. 


DESIGN FOR STRENGTH . 

CASEH DETERMINES REINFORCEMENT A $ fc. p , > H.OOOlft/SQ.M. 

T T L | -j 

CONCENTRIC A^- sq.in./ft. or r 0 - l44 , oood . “TT - 

RESISTANCE TO CRACKING j , 

F fu.J DETERMINES THICKNESS d: p 4* 190 LB./SO.lN. Asl»l2r 0 el t ' 

0NLY r^MORETHANl i “ 


,N - 


0ALANCEP DESIGN . 

yj — T 1 KJ 


ON ^ ROW OF 
Ac l* TOTAL OF 


<*- T930' ,Nt A sk -0.244d SQ.IN./FT. 

(d) e ^(dpict). TENSILE STRESSES ONLY. P cfc > 190 LB./SQ.IN. 
GIVEN OR ASSUME dANDd, Pst l 5 ** , 2.. 000 

r T r » e *1 (provide aVatI a\u- 

DETERMINE ^-555553 |J + d^dj H SI “ 5 J 

CASEBIA T r | nA 1 .. 

tensile substitute in£=-- l + 28ri + ^ d 2 +SC ^(d 4d/ ^' 3 ° 

FORCE . 1- J 

rftMR1Mcn ADJUST d UNTIL EXPRESSION IS SATISFIED. f — 

combined A.t* 12 r c d w- 

WITH — - 

BENDING (b) e>(dj-id). TENSILE AND COMPRESSIVE STRESSES. 270LB./SQ.IN. “ 

Stress* given or assume d and dj p ^12,000 " « 

AT PACE _ r ^ ,-L j -r jn r St-r 

n contact T | , . e + z a - a 1 | 

u«™Dl determine ro- 55555 ap o-<?3d, J At-Kr.d/ 


i vi a |j r zo r c g u r ; 
ADJUST d UNTIL EXPRESSION IS SATISFIED. 
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J d U 
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REINFORCED CONCRETE DESIGNER’S HANDBOOK 

DESIGN OF BEAMS: LOAD-FACTOR METHOD. 


Notation. 

A te , A gt, areas of reinforcement in compression and tension respectively; Age', Agt , do. in unit 
width of a rectangular beam. 
a x , lever-arm factor = l a /d x . 

b, breadth of a rectangular beam; breadth of flange of a flanged beam; b r , breadth of rib of 
a flanged beam. 

d, overall depth of beam or thickness of slab. 

d n , distance from edge m compression to neutral plane = n x d x . 

dg, thickness of flange of a flanged beam. 

d x , d x actual effective depth and effective depth required respectively. 
dg, distance of reinforcement in compression below top of beam or of reinforcement in tension 
above bottom of beam. 

F, coefficient in formula for Agt in rectangular beams with reinforcement in compression. 

K, coefficient relating to dimensions of flange of a flanged beam =^-y. 

Or 

l a , lever arm of compressive resistance of concrete = a x d x . 

M, applied bending moment; M', applied bending moment per unit width. 

M r , moment of resistance; M/, moment of resistance of rectangular beam of unit width. 

m, modular ratio ( = 15). 

n x , neutral-plane factor = d n /d x . 

pcb, permissible compressive stress in concrete in bending. 

Ptc, pat, permissible or actual compressive and tensile stresses respectively in reinforcement. 

P.c = P 

Q, shearing force; q, shearing stress. 

* . , . M M 

Q x , bending-moment factor = or 

Q c , moment-of-resistance factor (compression) ; Q', moment-of-resistance factor for rectangular 
beam of unit width. 

Agt A t 

yl, limiting proportion of reinforcement in tension for balanced design = or r-L 

bd j byd 1 

At A 

rt, y 2 , proportion of reinforcement = —■ and — c in tension and compression respectively. 

oct j oct i 

s', ratio of thickness of flange to effective depth = 

a x 

y, factor in B S. Code relating to dimensions of flanged beams. 

In the basic formulae any mutually-consistent units may be used, but in formulae contain- 
ing numerical terms the units must be inches and pounds. 

Rectangular Beams with Tensile Reinforcement only. — The moment of resistance 
of a rectangular beam reinforced only in tension is (d x — ^fip ' ^ Agtpst if based on the tensile 

resistance and \p C bbd x * if based on the compressive resistance. If Q c = lp C b, the two resulting 
basic formulae are as given in series A for this case in Table 75. 

The safe moment of resistance is the smaller of the two moments calculated by these 
formulae. For a balanced design these moments are identical and the corresponding value of 

Agt is ~^bd x , if this amount is expressed as a ratio of bd x the limiting proportion yl is 

3 Pat 3Pat 

If the proportion of reinforcement in a beam is less than yl, the tensile resistance controls the 
strength and if greater the compressive resistance controls. Values of Q e and yl are given in 
Table 76 for various stresses. 

The expression for the moment of resistance if tension controls, can be written as 
M r = Q T bd x % , where Q T = r t pg t { 1 - F x r t ); F x = ^ . 

Aycb 

Values of the factor F x for various combinations of stresses are given in Table 76. 

Example. — Calculate the moment of resistance of a rectangular beam 24 in. deep 
(d x = 22$ in.) and 12 in. wide (b = 12 in.) if reinforced with four i-in. mild steel bars in tension 
only (Agt — 3*14 sq. in.). The permissible stresses are pgt = 20,000 lb. per sq. in., and 

Pcb = 1000 lb. per sq. in. Yt =* — = 0-0116. 

r r ~ i 12 x 22*5 

( Continued on page 278.) 



RECTANGULAR BEAMS AND SLABS: FORMULAS. — TABLE 75. 

LOAD-FACTOR METHOD. 
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Note. — Values of Q e , *l and F are given in Table 76 . 
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DESIGN OF BEAMS: LOAD-FACTOR METHOD. 


Rectangular Beams with Tensile Reinforcement only. 

Example {continued from page 276). 

(i) Using Table 75. — Formulae in series B apply, yl ■ 
therefore tension controls afid 


60 


= 0*0167 which exceeds r t ; 


M r — 20,000 x 3*14(22*5 — — == 1,170,000 in.-lb. 


(ii) Using Table 76. — rt = 0*017 which exceeds r*; therefore tension controls. F x = 15. 
Substituting in formulae in foregoing, 

Q t = o*oi 16 x 20,ooo[i — (15 x o*oi 16)] — 193; 

M r — 193 x 12 x 22*5* = 1,170,000 in.-lb. 

Rectangular Beams with Compression Reinforcement. — If a rectangular beam 
contains compression reinforcement the moment of resistance is 0*2 5pcbbd x * + A tc p*c{d 1 — 
which can be rewritten in the form given in Table 75 (Series A), which applies if there is sufficient 
reinforcement in tension to produce at least an equal resistance. The minimum amount of 

A s t for this purpose is rjjbd x -f- A e ^~’, the first term is the amount required to balance the 

pst 

resistance of the concrete and the second term is the amount required to balance the resistance 
of the compression reinforcement. The compressive stress p tc permissible in the compression 
reinforcement is in general 18,000 lb. per sq. in. in mild steel bars not greater than in. 
diameter, 16,000 lb. per sq. in. in larger mild steel bars, and 23,000 lb. per sq. in. in high-yield- 

stress bars; the Code recommends also p sc > 50,000(1 — If the depth to the neutral 

plane is assumed to be 0*5^ (the limiting depth of the compressive zone recommended in the 

Code) the limiting value of the compressive stress = 50,000(1 — but this limit may not 

apply to ordinary designs, since the cover-ratio djd x must exceed 0*32 (an uncommonly high 
ratio) for p 8c to be less than 18,000 lb. per sq in. ; likewise the cover-ratio for high-yield-stress 
bars must exceed 0*27 (also a high ratio) for the permissible stress to be less than 23,000 lb. per 
sq. in. 

The Code recommends that the area of reinforcement in compression shall not exceed 
4 per cent, of the area bd . With this limiting amount, the moment of resistance is 
QtJbd x % -f- 0-04 bdp sc {d x — d 2 ). Substituting Q c = 0*2 5p C b and d = d x + rf 2 , 


and 


Mr = + 0'04p , c [1 - 

a sc = 0*04(1 + p^bd v 


Similarly the corresponding area of tensile reinforcement is ribd x -f 0*04 bd^p, that is 

P»t 




Example. — Calculate the moment of resistance of a rectangular beam 26 in. deep 
(d j =* 22| in.) and 12 in. wide (b = 12 in.) reinforced with six i|-in. mild steel bars in the 
bottom and two i-in. bars in the top. The permissible stresses are pst = 20,000 lb. per sq. in., 
Psc = 18,000 lb. per sq. in., and pec — 1000 lb. per sq. in. A t t = 5*96 sq. in., A sc — 1*57 sq. in. 
d % =* i£ in. 

Apply formulae in series B in Table 75; assuming compression controls, 

M f = 250^12 x 22*5*) + (72 X 1*57) (22*5 — 1*5)] = 2,142,500 in.-lb. 

Check that there is sufficient tensile reinforcement: 

12 X 22 - 4* (°*9 X 1*57) « 5*91 sq. in. > 5*96 sq. in. 


60 


{Continued on page 280.) 



RECTANGULAR AND FLANGED BEAMS: DESIGN FACTORS. — TABLE 76, 

LOAD-FACTOR METHOD, 



B. M. FACTOR 

120 144 150 160 170 180 188 200 220 240 2 50 260 280 500 513 

I DO I 

LB PER SGf.tN 


PERMISSIBLE , 250 0 . 3 | 0>57 < 5.40 0 . 4i q ,^ 0*43 o*52|0*56 0-63 0*70 O- 74|0*77 C *86 0*55 1*00 
COMPRES^VE 

STRESS |000 Q.4Q 0 .^ 0 . 52 0<& ^ o«60 <>64 0 - 68 10*73 0*83 0*94 1*00 
neb 

LB. PERSQiH 750 0*56 067 0*73 080 0*87 0*94 1*00 


Note. — For basic formulae, see Table 75 . 
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DESIGN OF BEAMS: LOAD-FACTOR METHOD 
{continued from page 278). 

Design of Rectangular Beams. — The basic formulae in series A in Table 75 for the 
moment of resistance can be transposed and simplified to give expressions for determining 
the size of a beam and the amount of reinforcement to resist a given bending moment. The 
formula for the effective depth required is given in Table 75; formulae are also given for the 
amount of reinforcement required for the three cases of when the effective depth provided is 
equal to, greater than, or less than that required. Compression reinforcement is required in 
the latter case. 

The formulae in series A are further simplified by substituting permissible stresses assuming 
the concrete to be 1 : 2 : 4 ordinary grade and the reinforcement to be mild steel bars or high- 
yield-stress bars; the formulae in series B and C in Table 75 result. Values of the coefficient 
F for various values of Q x and for p cb — 750 lb., 1000 lb., and 1250 lb. per sq. in. are given in 
Table 76. 

The moments of resistance and areas of reinforcement for rectangular beams of various 
depths and unit width ( b = 1 in.) reinforced with mild steel bars not greater than i| in. 
diameter are given in Table 77A for 1:2:4 concrete in which the permissible compressive 
stresses are 1000 lb. per sq. in. (ordinary grade), 750 lb. per sq. in. (lower grade), and 1250 lb. 
per sq. in. (higher grade). The data area given for beams without reinforcement in com- 
pression, and with the limiting amount of compression reinforcement {A' Be = 0-04^). The 
values in Table 77A must be multiplied by the width of the beam to give the actual moment of 
resistance and the corresponding areas of reinforcement in tension and compression. It is 
assumed in Table 77A that the distance from the tensile edge of the beam to the centre of the 
tensile reinforcement is equal to the distance d 2 from the compressive edge to the centre of the 
compression reinforcement; a reasonable value for d 2 is assumed for each beam and usually 
a variation from this value of, say, in. has no significant effect on the tabulated data; 
if is much greater than is assumed, the data should be adjusted to conform to the actual 
value. 

The data in Table 77B is similar to that in Table 77A but relates to rectangular beams 
reinforced with bars having a yield stress of not less than 60,000 lb. per sq. in. 

Examples. — (a) Design a beam, reinforced with mild steel bars, to resist a bending moment 
of 1,800,000 in.-lb., if the stress in the concrete is not to exceed 1000 lb. per sq m. Tensile 
reinforcement only. 

(1) By using Table 75; formulae series B apply. (The method in this example applies to 
any other stresses by using formulae series A.) 

* . . , . /i, 800, 000 

Assume 0 = 15 in. d x — / = 21*9 in. If d is made 24 in., d x — 22+ m. 

\J 250 x 15 y * 1 

with i-in. bars and i-in. cover; therefore d x > d / and A g » = —IF. Q t = I '^ 00)00 ° _ 23 -. 

1 1 60 15 x 22 *5 a 

j e ^ 22**5 X O'Q^ 

from Table 76, F — 0*93 approx; A 8t = ~A— ^ — = 5-24 sq in , say seven i-in. bars, 

which can just be accommodated in one layer in a width of 15 in. 

If fewer larger bars, say i£-in. diameter, are provided with ij-m. cover, d x = 22^ in. 

Therefore d x > df, Q x — 245, F = 0*96 approx, and A gt — -- X 22 * 25 X — 9 - = 5-32 sq. in., 

OO 

say, five ij-in. bars in a beam 24 in. by 15 in. 

(ii) By using Table 77A. Assume b = 15 in.; therefore M* = ^ = 1, — 5 > ? c ? 5 > ° — 120,000 

b 15 

in.-lb. per inch; from the table, a beam 24 in. deep ( M / = 122,000 in.-lb. per inch width) is 
satisfactory; A g t — 0*369 x 15 - 5*54 sq. in., that is, five i£-in. bars in a beam 24 in. by 
15 in [as in (ii)]. (If high-yield stress bars are provided Table 77B would be used in a similar 
manner.) 

(6) A beam 20 in. deep and 10 in. wide is required to resist a bending moment of 1,200,000 
in.-lb. Determine the amount of high-yield-stress reinforcement ( p 8t = 30,000 lb. per sq. in.) 
required if higher-grade 1:2:4 concrete is used {p cb = 1250 lb. per sq, in.). 

d = 20 in.; d x « say 18 in.; d % = say 2 in.; b = 10 in. 

From Table 76, Q e = 313 ^or = r L — 0-014. 

[Continued on page 282.) 



LOAD-FACTOR METHOD 


RECTANGULAR BEAMS: RESISTANCE AND REINFORCEMENT. TABLE 77a. 

MILD STEEL BARS -LOAD-FACTOR METHOD. 
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WIDTH. AREA OF TENSILE RE1NF0PCEMENT PER INCH WIDTH. 1 MINIMUM RECURRED TO PRODUCE 

A’ -AREA OF COMPRESSION REINFORCEMENT PER INCH WIDTH J TABULATED M* r 
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DESIGN OF BEAMS: LOAD-FACTOR METHOD. 

Design of Rectangular Beams 
Examples ( continued from page 280). 

From Table 75, d x * 

I 200 OOO 

forcement ( p, e =■ 23,000 lb. per sq. in.) is required. Q x — ~ x i8 g “ ^ 0 ' 

Age = = 0*5 sq. in., say, two £-in. bars in the top. 

23,000(1 - 

O# r ^ 5 OOO 

A a = (0*014 x 10 x 18) -j = 2 *® 8 S< 1 * in., say. three i£-in. bars in the 

bottom. Twisted ribbed bars or similar bars would be used. 


J 


1,200,000 
313 X 10 


19*6 in.; therefore d x < d x , and compression rein- 


SLABS FOR LIQUID-CONTAINING STRUCTURES. 

B.S. Code No. 2007. 

Examples {continued from page 274). 

Recalculate with d = 9 in., and d x => 7 in ; = 2$ in. 

= 0*0077; /<.* =* 195 lb. per square inch 190) ; satisfactory if A,% is slightly greater 
than 12 x 0*0077 X 9 =» 0*83 sq. in. per foot; provide say i-in. bars at io^-in. centres at each 
face (total = 0*898 sq. in. per foot). 

(c). — Tensile force of 10,000 lb. per foot and bending moment of 48,000 in.-lb. per foot. 

Assume d = 10 m. and d, = 8 in.; ~ — o*8; e *= - 8| ?°° = 4*8 in. (> 8 — 5 = 3 in.; 

1 d 10,000 T ' 

therefore Case IIIA b applies.) 


*0 


10,000 


144,000 x 10 
0-5 + (0-122 x 0*8) 
1*122 


I + 


4*8 + 5 ~ 
0*83 X 8 / 

0*532. 


0*0088; 14^0 


0 * 122 . 


f et = 10.000 f 1 , 4.8(1 - 0*532) \ 

Jc 12 X Io\l*I22 Ci — (1 — 0*532)0*532 + 0*122(0*8 — 0*532) f ]l0j 

= 275 lb. per square inch ( =270); satisfactory if A, t is slightly greater than 
12 x 0*0088 x 10 = 1*06 sq. in. per foot; provide i-in. bars at 8-in. centres 
(1*178 sq. in.) at tensile face. 

Note . — For designs in Case IIIB in Table 74, the procedure is as in the foregoing if d < 9 
in., and as for ordinary designs if d < 9 in, 




LOAD-FACTOR 


RECTANGULAR BEAMS : RESISTANCE AND REINFORCEMENT.— TABLE 77b. 

HIGH- YIELD-STRESS BARS. LOAD-FACTOR METHOD. 



«AREA OF TENSILE REINFORCEMENT PER INCH WIDTH. 1 MINIMUM RECtUI RED TO PRODUCE 

AREA OF COMPRESSION REINFORCEMENT PER INCH WIDTH J TABULATED M{. 
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DESIGN OF SOLID SLABS: LOAD-FACTOR METHOD. 

Solid Slabs. — Solid slabs can be designed as rectangular beams of i ft. width if the applied 
bending moment is in inch-pounds per foot width of slab and A 9t is the area of reinforcement in 
square inches per foot width. The basic formulae in series A in Table 75 apply directly to solid 
slabs if 12 in. is substituted for b. Similarly the formulae in series D for mild steel bars and 
series E for high-yield-stress bars or wire are obtained from formulae in series B and C respec- 
tively by substituting b « 12 in. No formulae are given for solid slabs with compression 
reinforcement as such slabs are uncommon; any case of such a slab can be designed directly 
from the basic formulae. 

In Table 78 are given the moments of resistance and areas of reinforcement in tension for 
solid slabs 1 ft. wide and of various thicknesses reinforced with mild steel bars not greater 
than 1$ in. diameter or with high-yield-stress bars. 

Examples. 

(а) Design a solid slab to resist a bending moment of 27,000 in. -lb. per ft. width ; maximum 
stresses p e t — 18,000 lb. and p C b — 1000 lb. per sq. in. 

From Table 76, Q c = 250. From formula in series D in Table 75, 

#27 OOO 

d x = /— — = 3-0 in.; that is 4-in. slab (£-in. cover); d x — 3*25 in. From Table 76, 

3 000 

yl *= 0*019; A t t — 0*019 x 3*0 X 12 = o*68 sq. in.; say, J-in. mild steel bars at 3^-in. centres 

(б) Repeat example (a) by using Table 78 if maximum stresses are p t t — 20,000 lb. and 
pse — 1000 lb. per sq. in. 

For M r — 27,000 in. -lb., a 4-in. slab is required with o*6oo sq. in. (say, f-in. mild steel bars 
at 6-in. centres). 

(c) Calculate the moment of resistance of a 4-in. slab reinforced with $-in. bars at 4^-in. 
centres. p 9t > 18,000 lb. and p cb > 1000 lb. per sq. in. 

d i = 3*25 in. A 9i = 0*524 sq. in. r t = ~ 0*0134. r L = 0*019 {Table 76); 

12 x 3' 2 5 

therefore r t < yl- 

M r = Qrbd x * (see page facing Table 75). F x {Table 76) — 14. 

Qt = 0*0134 X 18,000 [1 — (14 X 0*0134)] — 196. 

M r — 196 x 12 x 3-25* = 24,600 in. -lb. per ft. width. 

{d) Repeat example (c) by using Table 75 if p 8t > 20,000 lb. per sq. in. 

As before, d x — 3*25 in., y% — 0*0134 with A 9t — 0*524 sq. in. per ft. 

From Table 75, y l = ^ — 0*0167 which is greater than Y t \ therefore tension controls and, 

from formula in series D, 

M r = 20,000 x o*524[3*25 — (1*25 x 0*524)] = 25,900 in.-lb. per ft. 


DESIGN OF BEAMS: LOAD-FACTOR METHOD. 


Flanged Beams. — Flanged beams include tee-beams, ell-beams, I-beams, inverted 
channels, and the like. The moment of resistance of a flanged beam is A 9 tP 9 t{d x — 0*5 d 9 ) if 
based on the tensile resistance, and ypcbbd x 2 if based on the compressive resistance, where the 

coefficient y is ^ -f ^1 — £2^ — • H the beam contains compression reinforce- 

ment the moment of resistance is yp C bbd x * + A 9c p 9C {d x — <Z,). As in the case of rectangular 
beams, these expressions are simplified to give the formulae in Table 79 (corresponding to those 
for rectangular beams in Table 75). 
b „ . d, 

di 


If 


4y b r 


K, s' = 5 -', and 


Qc = (as before), 
4 


K : 


+ ffe - ¥ - 


and therefore, with tensile reinforcement only M r — KQcbrd x *. This formula applies when 
the compressive resistance of the concrete controls. If the tensile resistance of the reinforce- 
ment controls, M r * A 9 tp 9t d x {i — 0*5$')* 


{Continued on page 286.) 



SOLID SLABS: RESISTANCE AND REINFORCEMENT.— TABLE 78. 

LOAD-FACTOR METHOD. 
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DESIGN OF BEAMS: LOAD-FACTOR METHOD 
(continued from page facing Table 78). 

The limiting proportion of tensile reinforcement which determines which con- 

KO T 1 

dition applies, is given by -r — t — — — = 
r a 7 p»t( 1 ~ 0*55') 

For a flanged beam wjth compression reinforcement 

M r - KQcbrdS + A„p te (d x - d t ) 

which applies if there is sufficient tensile reinforcement to produce at least this resistance; the 

minimum A $ t required for this purpose is - £ —. 

H F ^ P*t{d x - 0 - 5 ^,) ^ p 8t 

The basic formulae are given in series F m Table 79, in which also are given values of K 
for various values of the ratio of b to b r and of s' ; intermediate values can be interpolated or can 
be calculated from the formula given at the bottom of Table 79. 

The dimensions of a flanged beam are generally determined from considerations other 
than resistance to bending; resistance to shearing may determine the size of the rib, and the 
thickness d t of the slab may be determined by its span and loading. The dimensions d v d 8 , 
b and b r are therefore known, or can be assumed, and the amount of tensile reinforcement 
required to resist the applied bending moment is calculated from the basic and special formulae 
for A n in Table 79. The compressive resistance can be checked by comparing the value of K 
corresponding to the known value of b/b r and of s' with the minimum value required, that is 
JM 

Qi/Qc in which Q x = g-— ; if K is less than this value, compression reinforcement is required 

or the dimensions of the cross-section of the beam must be increased. 

Compression reinforcement may be required in tee-beams and other special beams; if 
d t < \d v the amounts of compression reinforcement and the corresponding amount of tensile 
reinforcement required are given by the formulae for A sc and A st respectively in Table 79. 

Examples. — (a) Calculate the moment of resistance of a tee-beam the rib of which is 10 m. 
wide and 18 in. deep below the soffit of a 6-in. slab. The span is 18 ft. and the distance between 
adjacent supporting beams is 8 ft. The tensile reinforcement comprises four i-in. mild steel 
bars (p $ t = 20,000 lb. per sq. in.) and the concrete is ordinary grade 1:2:4 (p C b — 1000 lb. 
per sq. in.). A ge — o. 

The special formulae in series G in Table 79 can be used. A 8 t = 3-14 sq. in. 
Effective breadth: Available slab = 96 in., or £ span = 72 in., or 1 2d$ + b = (12 x 6) 
+ 10 * 82 in.; hence maximum b 8 = 72 in ; effective depth d x = (18 + 6 — ij) = 22 \ in. 
b 72 6 

jjj- = = 7*2; s' = = 0*27. From Table 79, K — 4} approx., or by calculation 


~ = 7*2; s' = = 0*27. From Table 79, K — 4} approx., or by calculation 

„ , 4 X 0*27. w . 0 „ 1000 

K= 1 + - — - — %’2 - 1) (2 - 0-27) = 4-85. Q c - — « 250. 

3 4 

250 x 4-85 A st 3-14 , . , . . ,, 

y L — 4 = 0-07. 7— r = — — - — = 0*014, which is less than y l \ 

20,000[l — (i X 0*27)] ' Ml 10 X 22*5 n 

therefore tension controls and 

M r — 20,000 x 3*14(22*5 — 3) = 1,225,000 in. -lb. (This is the same moment of resist- 
ance as if calculated by the modular-ratio method.) 

(b) Design the tee-beam in (a) using high-yield-stress steel (p 8 t — 30,000 lb. per sq. in.) 
to resist a bending moment of 3,000,000 in. -lb. 

As in (a), — = 7*2 but, since a greater amount of tensile reinforcement may be required, 
Or 

d x should be decreased to, say, 22 in., and s' = — = 0*27 as before, and K = 4*85 and 

Qc = 250. Q x = ^ = 620, = 2*5, which is less than K x , therefore compres- 

sion steel is not required. Therefore A 8 t = — 000(22 —"3) = ' ) ' 2 ^ s< *' in *' sa ^' seven I " m * 
twisted ribbed bars, in two layers (d x = 21 J in. approx, compared with 22 in. as assumed). 



FLANGED BEAMS FORMUL/E FOR LOAD- FACTOR METHOD. 


FLANGED BEAMS: FORMULAE. — TABLE 79. 

LOAD-FACTOR METHOD. 
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RESISTANCE TO SHEARING FORCE. 

Shearing Stresses. — The shearing stress q lb. per sq. in. in a member subject to a bending 
moment M (m.-lb.) and a shearing force Q (lb.) is determined from 

„ , M 
Q ±T tan oc 

®i 

9 bl a 

where l a is the lever arm of the member (in.), b is the breadth of a rectangular beam or the 
breadth of the rib of a flanged beam (in.), d x is the effective depth (in.), and oc is the angle 
between the top and bottom edges of a beam. The negative sign applies when M increases 
as d x increases, a condition that occurs at a haunch adjacent to an interior support of a con- 
tinuous beam. The positive sign applies when M decreases as d x increases, a condition that 
occurs at a haunch adjacent to a support where a beam is freely supported. 

When a beam has parallel edges, as in the common case of a beam of uniform depth. 



Reinforcement. — The general rule is that if q exceeds the safe shearing stress, such as 
given in Tables 56 and 57, the whole of the shearing force should be resisted by reinforcement 
in the form of binders or inclined bars or both. If q does not exceed the safe stress, reinforce- 
ment to resist shearing is in general not necessary, but the comments on page 72 should be 
noted. 

Binders. — The shearing resistance of vertical binders is given by 

A BtPttlg Jr J 


in which A $ t = cross-sectional area (sq. in.) of the binder taking into account the number of 
vertical arms, p 8t — permissible tensile stress in the binders (lb. per sq. in.), l a = lever-arm of 
the member (in.), and s = pitch or spacing of the binders (in.). The factor for the resistance 
to shearing force, taking into account the diameter of the binders, the allowable stress, and 

the pitch, is V = Values of V for 18,000 lb. and 20,000 lb. per sq. in. for various 

spacings and sizes of binders with two arms are given in Table 81. The shearing resistance of 
a system of binders is found by multiplying the appropriate value of V by the lever-arm of the 
member. 

The spacing of binders to resist a shearing force Q is given by 

„ _ AgtPstla 

Q 

and should not exceed the lever arm; if the calculated value of s exceeds l a , the diameter 
of the binders can be reduced until a suitable pitch is attained. The minimum diameter of bar 
suitable for binders is -A in. for cast-msitu construction although |-in. steel wire is sometimes 
used in small precast products ; bars over £ in. diameter are generally difficult and costly to 
provide satisfactorily. Although binders may not be required to resist shearing force they are 
always provided except perhaps in simple lintels, and the maximum spacing should not exceed 
the effective depth. When compression reinforcement equal in area to the tension steel is 
provided in a beam and the calculation for resistance moment is based on the “ steel-beam ” 
theory, the pitch of the binders should not exceed eight times the diameter of the compression 
bars, and the diameter of the binders should be calculated accordingly. If the concrete is not 
ignored in calculating the compressive resistance, the binders should be spaced at distances not 
exceeding twelve times the diameter of the compression bars. 

All binding should be effectively anchored to the top bars in a beam. A number of shapes 
of binders commonly used are illustrated in Table 80; the arrangement shown for large tee- 
beams allows the binders to be open at the top until the reinforcement has been fixed, and, if 
the top link is provided, is also suitable for heavily-reinforced rectangular beams. 

Inclined Bars. — Various arrangements of inclined bars are shown in Table 80. With 
a single system of inclined bars arranged as at (a) the shearing resistance Q at any vertical 
section in the length L is A$tp$t sin 0 for a single system; when 6 is 45 deg., Q = 0*707 A,tp$t, 
where A — cross-sectional area of the inclined bars (sq. in.), p 8t = maximum allowable tensile 
stress (lb. per sq. in.), and 0 — angle made by the bar with the horizontal. 

For a double system, as (6), the shearing resistance of any vertical section within the 
length L x is 2A $t pn sin 0 and, when 0 is 45 deg. Q = 1*414 A, t p tt . The same resistance can be 
considered to be provided for the length L, if the shearing stress in the concrete at section AB 
does not exceed the permissible shearing stress without reinforcement. 

{Continued on page 289.) 



REINFORCEMENT TO RESIST SHEARING FORCE. — TABLE 80 . 

ARRANGEMENT OF BINDERS AND BARS. 



RESISTANCE TO SHEARING FORCE (continued). 

If the inclined bars are spaced in either of the ways shown at (a) and (6), the stress in the 
inclined part of the bar is equal to that in the straight bottom part of the bar, but if the com- 
mon arrangement shown at (c) and (d) for bars inclined at 45 deg. is adopted, the stress in the 
inclined part cannot exceed the proportion of the stress in the straight part stated on the 
diagram. Inclined bars must be anchored sufficiently beyond the intersection with the 
neutral plane to enable the stress to be developed. If a bar finishes at the top of the bend as 
at (e), the allowable stress should not exceed that capable of being developed by the bond on 
the length e\ thus this type of bar is almost valueless except in deep freely-supported beams. 

(Continued on page 290) 
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RESISTANCE TO SHEARING FORCE (continued from page 289). 

In Table 81 axe tabulated the resistances to shearing force of bars from $ in. to i£ in. 
diameter inclined at 45 deg. and 30 deg. for single and double systems at stresses of 20,000 lb. 
and 18,000 lb. per sq. in. For other stresses, the resistances to shearing force are proportional 
to the stresses in the inclined bars. 

Design Procedure. — To calculate the shearing resistance at any section, the value of V 
for the binders is read from Table 81 and by multiplying by the lever-arm the shearing resist- 
ance of the binders is obtained. The resistance of the inclined bars is also read from the table. 
An inspection of the arrangement of the inclined bars will indicate whether a single, double, or 
a more complex system is provided. The total resistance due to the reinforcement is the sum 
of the resistance of the binders and the inclined bars. The resistance of the concrete is the 
product of the lever-arm and the breadth multiplied by the safe shearing stress. The higher 
of the two resistances (that is, the resistance of the reinforcement or of the concrete) represents 
the safe resistance of the member. 

To design a member, first evaluate and, if less than q in Table 56 or 57, no reinforcement 

Old 

is required to resist shearing force, but nominal reinforcement should be provided. If it is 
greater than q decide from inspection whether the reinforcement shall consist of binders or 

inclined bars, or both. If binders alone, then — gives the value of V required, and a suitable 

l a 

pitch and diameter can be selected from Table 81. If inclined bars form the principal rein- 
forcement there would generally be some binders, if only a nominal amount, and the value 
of V for these binders can be found from the table. Inclined bars should then be provided 
to resist a shearing force of Q — Vl a . If both inclined bars and binders are provided, the 
procedure is to combine and adjust the values of Vl a and Q — Vl a to suit the member. This 
is often done by deciding which bars can be bent up from the bottom of the beam and adding 
extra inclined bars if necessary; binders are then provided to make up the [deficiency of 
shearing resistance. 

In important beams it is advisable to plot the shearing-resistance diagram for the entire 
beam on the same base and to the same scale as the shearing-force diagram, and be assured 
that the resistance exceeds the force. For most beams it is generally sufficient to determine 
the point at which no reinforcement to resist shearing force is required and calculate the rein- 
forcement required at the point of maximum shearing force. Between these two points the 
reinforcement can generally be allocated by judgment. 

Examples. — (a) Design the reinforcement for the sections specified to resist a shearing 
force of 30,000 lb. Allowable stresses in inclined bars and binders, 20,000 lb. per sq. in. , 
maximum shearing stress in concrete 100 lb. per sq. in. without reinforcement. Lever-arm of 
all sections, 0*85 x effective depth. 

(1) Effective depth = 40 in , breadth =15 in . — q = ~ ^ 1=5 lb P er S( *’ in ' 

Therefore no reinforcement to resist shearing is required, but nominal binders throughout 
and one inclined bar at each end of the beam might be advisable. 

(ii) Effective depth = 30 in , breadth = 12 in . — q = 3 o°x i2 ” ^ P er s< *‘ * n ‘ 

This is a border-line case and nominal binders and an inclined bar should be provided as 
a precaution against accidental overloading, or to offset any other difference between the 
assumptions in the calculations and actual conditions. 

(iii) Effective depth = 20 in., breadth =10 in . — q = - x ’^oVio^ * 7 ^ P er s< ^‘ * n ‘ 

Therefore all the shearing force should be resisted by reinforcement l a = 0*85 x 20 = 17 in. 
Nominal binding, say, ^-in. at 12-in. centres ( V = 256) resists 17 x 256 = 4350 lb., leaving 
25,650 lb. to be resisted by the inclined bars. If i|-in. bars are available for bending up, the 
resistance required is given by one i|-in. bar bent up at 45 deg. (double system). 

(b) Calculate the resistance to shearing of the section specified in (iii) if reinforced with 
one i-in. bar bent up at 45 deg. (in double system) and f-in. single binders at 12-in. centres; 
maximum stress of 20,000 lb. per sq. in. in inclined bars and binders. 

Resistance of one i-in. bar at 45 deg. (double system) = 22,200 lb. 

„ „ f-in. single binders at 12 -in. centres (V «= 368) 

■» 17 X 368 = 6,250 „ 

Total s=s 28,450 ,, 

The resistance to shearing of the concrete alone = 100 x 17 X 10 = 17,000 lb. 

Hence the safe shearing resistance is that of the reinforcement and is 28,450 lb. 



REINFORCEMENT TO RESIST SHEARING FORCE. — TABLE 81. 

RESISTANCE OF BINDERS AND BARS. 


18,000 LB. PEP. SQ.lN, 


20,000 LB. PER SQ.lN, 


TENSILE 

STRESS 


VALUES I 

0F 

V 4*u 

(lB.PERIN} I 

FOR , | 
SINGLE C I 
BINDERS -u 
(TWDARMi 7 | 

AT 8 I 
VARIOUS q* | 

spacings 


v -t 14' 


I I I I I I I I I I I 

OTHERSTESSES 5HEARING RESISTANCE AND VOF BINDERS PROPORTIONAL TO TENSILE STRESS. 
MAXIMUM NORMALLY 5 

SPACING beams with COMPRESSION REINFORCEMENT:- S ^ 12k OIAM. OF BAR 
BINDERS Ditto STEEL- BEAM THEORY 1-5 p~ 8 k D1AM. OF BAR 


496 

882 

1,386 

1,980 

2,700 

3,530 

551 

980 

1,540 

2,210 

3/010 

3930 

331 

587 

| 924 

1,320 

1800 

2350 

368 

654 

1,025 

1/474 

2,005 

2620 

248 

441 

693 

990 

1,350 

1,765 

280 

490 

770 

1,105 

1,505 

1,965 

221 

391 

! 616 

880 

1,200 

1,567 

245 

435 

684 

982 

1335 

1,745 

198 

355 

554 

792 

1,080 

1412 

220 

394 

616 

880 

1,200 

1570 

166 

294 

462 

660 

900 

1,1 75 

184 

3 27 

513 

737 

1,003 

1,310 

142 

252 

396 

560 

772 

1,008 

158 

280 

440 

622 

858 

1120 

124 

221 

347 

495 

675 

883 

140 

245 

385 

553 

752 

983 

I 10 

196 

308 

440 

600 

784 

1 23 

218 

342 

491 

668 

873 

96 

168 

264 

377 

514 

671 

167 

198 

282 

419 

571 

746 

82 

147 

231 

330 

450 

588 

92 

163 

256 

368 

501 

655 

72 

126 

198 

283 

•386 

504 

79 

140 

220 

311 

428 

560 

63 

1 10 

173 

248 

338 

441 

70 

122 

192 

277 

376 

491 

56 

98 

154 

220 

300 

392 

62 

109 

171 

245 

334 

436 

41 

74 

115 

165 

225 

294 

46 

82 

128 

184 

250 

327 

990 

1,765 

2,770 

3,560 

* 

0 

0 

7,060 

1,100 

1,960 

0 

CD 

O 

4/J20 

6,010 

7860 


TENSILE 

STRESS 

ANGLE 0 


1 8, OOO LB. PER SQ.lN. 
45 DEG. 30 DEG. 


20,000 LB. PER SQ.lN. 
45 DEG. 30 DEG 


SYSTEM SINGLE DOUBLE SINGLE DOUBLE SINGLE DOUBLE SINGLE DOUBLE 


shearing bar 

w. 


2,490 4,990 

3,900 7,800 

5,630 11,250 
7,650 15,300 

9,990 f 9,380 
12,650 25,290 
15,620 3 1,230 
18,860 37,710 
22410 44/820 


3,540 2,770 5,540 

5,530 4,340 8,670 

7,960 6,250 12,500 

10,840' 8,500 17,000 


20,950 41/900 
24,900 4 9,800 


1,960 3,930 

3,070 6,140 

4/420 8,840 

6,010 12030 

7850 15,710 

9,940 19,880 

12,270 24,540 
14840 29,680 
17670 35,340 


^ MAXVALUEOF 0-71 2 d 0 d 0 | l‘4l d 0 0'71d o Zd 0 do 

_ OTHER STRESSES SHEARING RESISTANCE OF INCLINED BARS PROPORTIONAL TO TENSILE STRESS. 


h~ D -H 


SINGLE SYSTEM 
Q^AstPststne 


f— D-*j— D-*"| DOUBLE SYSTEM 
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TORSIONAL RESISTANCE AND ARCATE BEAMS (BOW GIRDERS). 

Examples. 

(a) A bow girder is 18 in. deep and 18 in. wide, has a radius of 12 ft., and subtends an 
angle of 90 deg. The ends are rigidly fixed and the total load is 45,000 lb. uniformly distri- 
buted. Find the maximum negative bending moment, the maximum positive bending 
moment, and the maximum twisting moment. 

0 = 90 deg.; R = 12 ft.; from Table 82 G = 1*12; 

w = = 2390 lb. per ft.; Kw = 2390 x 12 = 28,700 lb. 

7T x 2 x 12 x 0*25 0 

Maximum negative bending moment (at the support) : C x 


— 4*5; C 8 — i-oo; C = 0*24. 
77,400 ft.-lb. 


_ _ (1*00 X 1*12) 4 - 0*24 0 

M ne0 . = - — - x 28,700 x 12 

9 (4*5 X M2) 4-1 

Maximum positive bending moment (at midspan): C 8 = 0*32; C t = 0*05. 

Mp 0t . = 2 l x 28,700 x 12 = 23,200 ft.-lb. 

6*04 

Maximum twisting moment (at point of contraflexure ; 0 = 22 deg.) : C 0 — 0*13 ; C 7 — 0*02. 


Tmax* = 


(0*13 X 1 * 12 ) 4 - 0*02 
6*04 


x 28,700 x 12 = 9360 ft.-lb. 


(b) Determine the reinforcement for an 18-in. square beam, circular in plan, radius 12 ft., 
supported at equal intervals so that the angle subtended at the centre by each arc is 90 deg., 
the negative bending moment over the support being 890,000 in. -lb., the positive bending 
moment at mid-span 450,000 in. -lb., and the maximum shearing force at the support 22,500 lb. 
At the point of contraflexure ( M — o) the twisting moment is a maximum and is 136,000 in. -lb. 
The point of contraflexure is approximately at the fifth-point of the span. 

Support section. — With stresses of 18,000 lb. per sq. in. and 1000 lb. per sq. in. and 
effective depth of 16 in., the moment of resistance (compressive) with A, c = A B t (but 
pcb > 1000) *= 507 x 18 x 16* = 2,340,000 in. -lb. (from Table 70A), which is satisfactory. 

With actual effective depth of 16*5 in , A 8 t{= A ec ) — - — = 3.53 sq. in., 

y J “ v ecj 18,000 x 0-85 x 16-5 4 

say, four i|-in. bars in the top and bottom. These bars can be arranged by providing one 

i£-in. bar in each corner throughout the beam, bars from adjacent spans overlapping both in 

the top and bottom at the supports to resist negative bending moment. 

Shearing stress at support = 22 _* 5°9 = 89 lb. per sq. in.; because of the im- 


18 x 0-85 x 1 6*5 

portance of the beam, the entire shearing force is resisted by binders ; V required = 


22,500 
0-85 x 1 6*5 

— 1600; from Table 81 this is given by f-in. double binders at 4^-in. centres (at 18,000 lb. 
per sq. in.). The twisting moment at the support section is small and can be ignored. 

Midspan section. — Since the bending moment is assumed to be half that at the support, 
half the support reinforcement is required, that is, two i|-in. bars in the top and bottom are 
sufficient. The shearing force and twisting moment at midspan are zero. 

Section at fifth-point of span. — Shearing force = ° X 22,500 = 13,500 lb. 

Shearing stress — 54 lb. per sq. in., which does not need reinforcement. The bending 
moment is theoretically zero, but the four bars provided at the support would be continued 
beyond this section, thus allowing for negative bending moments that may be produced when 
adjacent spans only are subjected to live load; a margin is also allowed thereby for the longi- 
tudinal steel required to resist twisting moment. Twisting moment = 136,000 in.-lb. For 

a rectangular section with — i-o and D = 18 in. (since M = o the entire cross-section 

is considered to be uncracked), the section-coefficient varies from 0*30 to 0-39, depending 

T 

on the percentage of reinforcement. Section-coefficient required: R = — with q « 100 lb. 

I ^6 000 

per sq. in. (for 1:2:4 ordinary concrete. Table 57), R = ^ < 0*30. Hence from 

Table 82, total percentage of torsional reinforcement required is i*o. This can be divided into 
two parts: 50 per cent, as longitudinal bars in the corners of the section and 50 per cent, as 
binding. Assuming that, of the four bars provided at top and bottom, the four corner bars 

. 3*98 x 100 


are available for torsional resistance, the percentage is = 


18* 


1*23, which is more than 


doable the amount required. The volume of binding per foot required is X 3 


19*4 cu. in. The volume of one external §-in. binder « o*n x 4 X 16 = 7*05 cu. in. 


The spacing required «= 


12 x 7*05 


> 4*35, say 4-in. centres. 


19-4 



TORSIONAL RESISTANCE 
SECTION COEFFICIENTS 


TORSIONAL RESISTANCE AND ARCATE BEAMS.— TABLE 82. 


SHAPE OF SECTION 


IB? 



|[Eina E3EB CflBSi EElEai l 



TWSTJNG MOMENT OF RESISTANCE * fWD 3 : A - S ECT I ON COEFFICIENT AS TABULATED. 

D« EQUIVALENT DIAMETER OF UNCRACKED SECTION. 

^ * SAFE SHEARING STRESS (* O- 10 Pcb APPRpO 


APPLICABLE TO CO BEAMS FORMING A COMPLETE CIRCULAR SYSTEM WITH SUPPORTS 

SPACED UNIFORMLY, ANO WITH IDENTICAL LOAD ON EACH SPAN. . 
00 BE AM OF SINGLE - SPAN WITH ENDS R I G I DLY FIXE D. 


EARING WCE 


5UPPORT (SECTION OF MAX.SHEARIH3 c c r T I n N 
FOROSANO MAX.NEG.B.tt.) acl Tiuri 

POINT OFCONTRA- 

r- . . - FLEXURE 

SUPPORT 

/ * /C /^-MID-SPAN 

I //\$ 


\ mmm maam 















Bl 




O-QI 

0-023 

_ 

_ 

— 

approx. 


0-40 

0-38 

0*32 

- 

- 

0-10 

0*08 

0 * 05 

0 -2.8 

o-zo 

0-33 

0 -22. 

0-53 

0-26 

0-63 

0-35 

16 6 

i 











1 ? 9 
6 6 

0-18 

6 6 

0-09 

0*13 

ZERO 

0-53 
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COLUMNS SUPPORTING CONCENTRIC LOADS. 


Columns with Separate Binders. — The safe concentric load is calculated in general 
by the load-factor method. If the modular-ratio method is used, the effective area of a 
column with separate links or binders is the area of the concrete plus m times the area of the 
longitudinal reinforcement; for a short rectangular column the safe concentric load is as 
given by the appropriate formula in Table 83. The value of m depends upon the concrete, 
but generally a value of 15 is assumed. The entire area of the concrete is assumed to be 
effective in carrying the load, but in some cases, as when the cover is considered to have 
spalled off in a fire in a building with a high fire risk, the safe direct load should be based 
on the area of the concrete in the core of the column. 

The B.S. Code and London By-laws recommend a load-factor method for the design 
of columns subjected to concentric load. The compressive stress in the reinforcement is 
independent of the quality of the concrete and is 1 8,000 lb. per sq in. m mild steel bars. The 
safe concentric load is as given by the appropriate formula m Table 83. 

The amount of longitudinal reinforcement should be not less than o*8 per cent, of the whole 
concrete area and not more than 8 per cent. The safe loads, calculated in accordance with the 
B.S. Code and the London By-laws, on square columns with maximum and minimum per- 
centages of longitudinal reinforcement, are given in Table 84; these loads have been calculated 
with the stresses given in the table, but if other stresses are used the modification to the safe 
load is not proportional, and the loads should be calculated from the formula. 

The pitch of the binders should be not greater than twelve times the diameter of the smallest 
longitudinal bar or the width of the column, whichever is the smaller. The spacing should not 
exceed 12 in. and generally need not be less than 6 in. For columns in buildings the diameter 
of the binder should be not less than m. and not less than one-quarter of the diameter of the 
largest bar secured by the binder. The largest convenient diameter of binder is £ in., but 
larger diameters can be used, but generally a much smaller bar is sufficient; £ in. or in. are 
convenient sizes. The arrangement, when the diameter and spacing are known, of separate 
binders depends on the number of longitudinal bars in the column ; a variety of arrangements 
depending on the number of longitudinal bars is given in Table 83 

Immediately above and below a junction in the longitudinal reinforcement, the binders 
are sometimes spaced more closely than elsewhere in the column. Such junctions should be 
made preferably at floor levels or at beam intersections, as in these positions lateral support 
is obtained and construction is more convenient. Some types of junctions in the longitudinal 
reinforcement in a column are indicated in Appendix II. The crank in a bar passing from the 
lower column into the upper column should be not more acute than 1 in. m a length of 1 ft. 
The distance which the bars project into the upper column should be such that the bars overlap 
the bars in the upper column for a length of not less than 24 times the diameter of the upper 
bars or for a greater length if such is required to develop by bond the stress in the lower bar. 
If separate splice bars are provided the area of the splice bars should be not less than the area 
of the bars in the upper column, and the length of each splice bar above and below the joint 
should be 24 or more times the diameter of the splice bar. If a column is subjected to bending, 
the bending moment generally attains its greatest value at a floor level, in which case the 
calculation of the resistance should take into account the positions of any cranked bars. 


Columns with Helical Binding. — The following conditions conform to the recom- 
mendations m the B.S. Code. 

The area of concrete considered as effective in carrying the load is that in the bound core. 
The maximum safe axial load which a short column with helical binding can carry is given by 
P 0 = p c 4- p T 4- p Bi where Pc is the load carried on the concrete core, Pt is the load carried 
on the longitudinal reinforcement, and Pb is the increase in load due to the helical binding. 
The values of these components are given in the formulae and data m Table 83. 

The area of the longitudinal reinforcement, which should be not less than o*8 per cent, 
or more than 8 per cent, of the gross area of the concrete. The value of Po must be reduced 
for a “ long " column. The expression 27,000 Ab, for the additional load due to the helical 
binding, is based on a stress of 13,500 lb. per sq. m. in the binding and, according to the B.S. 
Code, is the same for all qualities of reinforcement; if high-yield-stress steel is used this stress 
may be 35 per cent, of the yield stress or not more than 18,000 lb. per sq. in. in accordance 
with the London By-laws. The stress m the longitudinal reinforcement is as given in Table 58. 
The spacing of the helical binding should be not less than 1 in. and not greater than 3 in. An 
important limitation is that Pc + Pb should not exceed $Au w where u w is the specified mini- 
mum crushing strength of works-test concrete cubes ; reducing this to an expression involving 

A A 

the permissible direct compressive stress Pc + Pb should be not greater than i x 
« i-97 5Apce- 


{Continued on page 296.) 



CONCENTRIC LOAD ON SHORT COLUMNS 


COLUMNS: GENERAL DATA (CONCENTRIC LOAD). — TABLE 83. 


SAFE CONCENTRIC LOAD ON COLUMN (LB.), 

A m CROSS CROSS- SECTIONAL AREA » d% b* FOR RECTANGULAR COLUMN (sautN.)# 

A sc * CROSS-SECTIONAL AREA OF MAIN BARS (s<R. IN.)# Y ■ < 0-8%). 

A k » CROSS-SECTIONAL AREA OF CORE OFCOLUMN with HEUCALBIN01NG*O-7854cI^(SO.»N.) # 
VOLUME OR HELICAL BINDING PER INCH OF COLUMN * (SO..IN.)# 

d|< « DIAMETER OF CORE OF COLUMN WITH HELICAL BINDING * MEAN DIA.OF HEU* (itO* . J 
dfc* DIAMETER OF BAR FORMING HELICAL BlNDING(tN.)« S a PITCH (lN.) OF HELICAL BlNDINQ ^ 

PERMISSIBLE DIRECT COMPRESSIVE STRESS IN CONCRETE (LB. PER SQ.IN.)# 

p a PERMISSIBLE COMPRESSIVE STRESS IN MAIN BARS (LB. PEA $«UN.)/ 

MILD STEEL BARS: l^lN.DIA. “ I 8, OOO L6./SQ. IN. 

> it IN. DIA# « 1G,000 « " * 

HIGH' YIELD- STRESS BAR5 * ^(YIELD-STRESS) AND ){> 23,000 LR/Sa.lN. 

COtUMN^WITHSEPAP-^E BINDERS (lATHW. TIES) 0F BmosM <WoFWW& 

MODULAR-RATIO METHOD. _ ^ » r xcy * j lx 

R.® Ca +Crn-AA c Jp_ ®Q ®C3Q m (ft FT VI 


MODULAR-RATIO METHOD. 

P a =[A + (m-OA sc ]p c( . * 

LOAD- FACTOR METHOD . ® 

P o - A Pcc+ A «(P«‘ Pec) = A [Pcc+ '•(Psc+Pcc)] 

COLUMNS WITH HELICAL BINDING . 

LOAD - FACTOR METHOD(8 S.CODeJ7 

P o- \Pcc+ A scPsc + 27 - oooA b (fNk) 

» 0-785^ P«-+A sc (p st -p a ^.K 2 d K sv3y 

K . _ c.r. e.ao^& 


®L£D 
0? ^ 


VALUE S lOFKt 


IHCLICALI 01 AMCT£P>< 




1* 

2340 41406510 - - 

]'/*L 

15602*0 4 »C 6250 ItfW 

z‘ 

1 170 ZOJO 3265 4700 030 


9361660 260 3750 664 

8" 

700 1300 2170 312055^* 


H6LICKL BINDING 

ptWiMMi! 



BASEO ON LEAST LATERAL DIMENSION Dl (RECTANGULAR, ETC., COLUMNS) 

4 i >l5:R,-l*0 4 l> 1>33: \ a l , 5-^ alw^oby-laws 

l O u l 30 d L foaallvaluesofJ^ 

LINEAR INTERPOLATION BETWEEN Lc <j« n ^ 57 ; R, s 0*95 — Jic O.S.CODE L 
TABULATED VALUES S- OO -fO / ^ GOD^ 

T7T I 15 I IG I 17 I 18 I 13 1 20 I 21 I 22. I 24 I 2G [ 27 ! 30 I 32 I 33 I 57 



B 


m 


g BASED ON LEAST RADIUS OF GYRATION £ (GENERAL USE) 

5 -^> 50 : R l - 1-0 •^•>50>llo: B L -'*5-lo5j. 

“ 50 55 60 65 70 75 80 8 5 30 35 100 105 110 115 UO 

o 1-0 0-35 0-30 0-85 0-80 075 0'70 0-65 0-60 0-55 0-50 045 0-40 0 55 0-30 



295 













296 


REINFORCED CONCRETE DESIGNER’S HANDBOOK 


COLUMNS SUPPORTING CONCENTRIC LOADS 
(continued from page 294). 

Long Columns. — If the ratio of the effective length of a column to the least radius of 
gyration exceeds about 50, the column is a “ long " or slender column and the safe load on 
the column is less than that on a short column. The reduction factor is Rl given by the formula 
in Table 83 in which Le is the effective length of the column and g is the least radius of gyration, 
Le and g being in the same units. In Table 83 are also given values of Rl for slenderness 
ratios up to the generally acoepted limit of 150. The permissible load on a long column is 
RlPo , where Po is the safe concentric load on a short column (that is, a column having a ratio 
of effective length to least radius of gyration of 50 or less). 

For columns with separate binders the least radius of gyration should be calculated on the 
gross cross-sectional area of the column, and on the core section for columns with helical 
bindings when the bindings are taken into account in determining the safe load. The radius 
of gyration may take into account the reinforcement, with a modular ratio of 15. The radii 
of gyration of some common sections are given in Tables 65 (neglecting reinforcement) and 66 a 
and 66 b (taking reinforcement into account). 

For square and rectangular columns the slenderness ratio can be based on the least lateral 

dimension D £,. If the ratio exceeds 15, the reduction coefficient Rl is 1*5 — ~~ up to a ratio 

of 33 and o*95 — ~~~ for ratios from 33 to 57. In Table 83, values of Rl are given in accord- 
ance with these expressions which are based on the B.S. Code for various slenderness ratios 
up to 57. The London By-laws adopt this basis up to a ratio of 36. 

The effective length of a column is the actual length if the end conditions are equivalent 
to “ hinged " at both ends. If a column is “ fixed " at both ends, or “ fixed " at one end and 
“ free " at the other, or if there are intermediate conditions of restraint, the ratio of effective 
length to actual length is as given in Table 83 for columns designed in accordance with the 
B.S. Code or the London By-laws. By “ hinged ” is meant that the end is properly restrained 
in position but not in direction. By “ fixed " is meant that the end is properly restrained 
both in position and direction. By " free " is meant that the end of the column is unrestrained 
in position and direction. By “ partially fixed " is meant that the end is fixed in position 
but imperfectly restrained in direction. The actual length of a column in a building is the 
distance between floors. 

Examples. — (a) Select from Table 84 square columns of 1 : 2 . 4 ordinary concrete, with 
separate binders lateral ties, to support a safe concentric load of 400,000 lb 

Suitable columns are 18 m. square with eight i£-in. bars; 20 in. square with four if-in. 
bars or eight i-in. bars; 21 in. square with four i^-in. bars or eight £-in. bars. 

( b ) Calculate the safe direct load on an 18-in. octagonal column of 1:1:2 concrete, 
with eight i^-in. vertical bars and f-in. helical binding at 2^-in. centres. 

From Table 57, p cc = 1140 lb. per sq. in. Diameter of core d k — 18 — 2 = 16 in. Area 
of longitudinal bars (Table 60) = 14*14 sq. in. (K z = 3750). 

Po — (0*7854 x 16* x 1140) -f [14*14 X (18,000 — 1140)] + (3750 x 16) = 529,000 lb. 
(assuming a “short" column). 

(c) Calculate the safe load on a column 18 in. by 10 in. of 1 12.4 concrete with six |-in 
bars (3*6 sq. in.), if the height of the column extending through several stories is 20 ft. Per- 
missible compressive stresses are 760 lb. per sq. in. and 18,000 lb. per sq. in. 

As a “ short " column the safe load is Po — (18 x 10 x 760) -f (3*6 X 17,240) — 199,500 
lb. Since the least lateral dimension is 10 in., and the effective length is the story-height, that 
is 20 ft., the slenderness-ratio is given by 

~ ^ 12 “ 2 4* T* 16 reduction factor Rl for this ratio is 0*7 (Table 83). 
Therefore the safe load is 0*7 x 199,500 = 139,650 lb. 



COLUMNS: SAFE CONCENTRIC LOADS.— TABLE 84. 

SQUARE COLUMNS.— B.S. CODE.* 


MIXTURE SIZE OP DIAMETER OF MAIN REINFORCEMENT CMILO STEEL) BARS 
OF SQUARE FOUR BARS | EIGHT BARS 

CONCRETE COLUMN 


10 IN. 97 

HtN. 113 
ItiN. 131 


fee 1 8 in. 

760 % 
LB. PER £1 in 
SQ. lN. 



* This table also applies to concrete Quality A (London By-laws). 
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COMBINED BENDING AND THRUST (MODULAR-RATIO METHOD). 

Example.— Annular Member Subjected to Bending and Direct Thrust.— The 

method given in Table 85 for the determination of the stresses in a member, the cross-section 
of which is not rectangular, is applied in the following example to the annular member shown 
at the bottom of the table. 

r- , . ., 1,000,000 e 20 . _ . 

Eccentricity: e =3 ■ — — = 20 m. ; — = — = 0*556. Tensile and compressive stresses 

are likely to occur. Assume d n — 13 in. (about The properties of the bars below the 

neutral plane are considered thus: 


8A t 
sq. in. 

Pa 

in. 

Pa — d n 
in. 

R 

Rpa 

SAtpa 

0*614 

18 

5 

3.07 

55 

1 1-2 

0-614 

24 

11 

6-75 

162 

14-7 

0-614 

30 

17 

io-43 

3i3 

18-4 

0-614 

33 

20 

12-28 

405 

20-3 

0-307 

34 

21 

6-45 

219 

10-5 

Ea t = 2-76 



ER = 38-98 

ERpa =1154 

E8A t p a = 75-1 


Centre of the tension, pt — = 29-6 in. 

r 38-98 

The compressive area above the neutral plane is divided into a series of horizontal strips, 
the properties of which are tabulated thus: 


Strip 

b x 

in. 

8 X 

in. 

bx -8 x 
sq in. 

(m ~ i)8^ c 
sq. in. 

a sq. in. 

*1 

in. 

i * n 
j in. 

ax n 

X a 

ax n x 

A 

14 

3 ! 

42 

8-6 

5i 

i-5 

n-5 

586 

76 

879 

B 

2 4 

3 

72 

4-3 

76 

4-5 

8*5 

645 

342 

2900 

C 

16 

3 1 

48 

8-6 

57 

7-5 

5*5 

3i4 

428 

2350 

D 

12-5 

4 

50 

8-6 

59 

11 

2-0 

118 

648 

1300 



1 






j 

Exa 

Eax n x 



■ 



Ea = 243 

Eax n — 1663 

- 1494 

= 7449 


Centre of compression. p c 


If m « 15, x — 
Stresses f cb — 
ftt — 


7449 
1663 

(15 X 75 -i) + 1494 


4*47 m. 


= 9*2 in. 


(15 X 2-76) + 243 
50,000 x 13(20 j- 29*6 - 
(29*6 — 4-47)1663 

34 — 13 T628 x 1663 ~1 

38.98 L U 5°.oooJ = 16,400 lb. per 


- 9*2) 

= 628 lb. per sq. in. 


sq. 


Check trial position of neutral plane: d n — — - = 12-35 in., 

1 4 1 .- /4 °° 

15 X 483 

compared with the trial value of 13 in.; a second trial is unnecessary. 

If a second value were necessary, say, larger than that assumed, the adjustment to the 
tabulations could be readily made by adding strip E, 1^ in. deep, the to compressive area and 
omitting from the reinforcement table any bars now included in the compressive area. For 
the tensile reinforcement only the values of R and Rp a are affected. In the compressive area 
the values of x n and consequently ax n and axnx are affected. With these modifications the 
analysis then proceeds as shown for the first trial. 



EXAMPLE COMPRESSIVE AND TENSILE STRESSES COMPRESSIVE STRESSES ONLY 


COMBINED BENDING AND THRUST: GENERAL ANALYSIS.— TABLE 85. 

MODULAR-RATIO METHOD. 


EQUIVALENT AREA OF STRIP : C 

EQUIVALENT AREA OF SECTION 

A e ~ Za 

POSITION OF CENTROID _ J. 

- Sacc 0 

* * A e IX 

MOMENT OF J NERT1A ABOUT CENTROID L 
T _V_[S*> 2 , ul ° 


• bxSgc+Cm-OSAc 



N (thrust*) 


COMPRESSIVE STRESSES 
r J±. MX 

*cb(MAX.') “ A I* 


7cb(M1N.y 


N (THRUST) 




1 5r 


t A*IS THROUGH 
p ^ CENTROID OF 
t STRESSED AREA 


ASSUME d n . 

CENTRE OF TENSION! -±L-Zl P> = (P a “ d n ) SA t 

IF ALU BARS ARE OF SAME SUE P = jlll 

* ^(Pa-dn) 

E&UIVALENT AAEA OF STRIP! CL = b-^ £>CC + (m-l)£A c 

Z 3C|r| DC Q< 

CENTRE of compression: p » 

C X-j 3C n CL _! . . 

DntiTiAW /-i c reiJTOAin f\ tt crotfeEri abca • -v- — - r..l Sr _ 


.CENTRE OF 
TENSION 


! )D fc =. 


CENTRE of compression: 


POSITION OF CENTROID OF STRESSED AREA ? OC 


MAX, STRESSES 


CHECK TRIAL VALUE OF dn- 


irvwic/ vr oincjsuu nncn • <*** — /• a a vi 

1 n J b= (PrPc)si" 4= ^[(fcx*)- N ] 
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COMBINED BENDING AND THRUST: RECTANGULAR SECTIONS 
(MODULAR-RATIO METHOD). 

Examples of the Use of Table 86. — A rectangular member is 18 in. deep and 12 in. 
wide and is reinforced with two i-in. bars in the top and three i-in. bars in the bottom. The 
centres of the bars are 1$ in. from the top and bottom faces respectively. Find the stresses 
produced in the section by the specified direct thrusts and bending moments. 

For all cases d — 18 in.;’ b « 12 in.; d x — 16*5 in.; d % = i| in.; / 2 = — 0*091; 

m = 15; A $ t = 2*36 sq. in.; A $e = 1*57 sq. in. 

(a) M = 200,000 in. -lb. N — 100,000 lb. 

200.000 . . . , . . , , d . . . 

e = = 2 in., which is less than - ( = 3 in.) 

100.000 o 

A e = 12 X 18 = 216 sq. in. A e = 14(2*36 + i*57) = 55 sq. in. 

Z = * _ 1.5)* 4 (0*167 X 216 x 18) = 988 in. 8 

U « - l 5 ° 0 ~ ? ~ ± - 57i lb. (max.) and 165 lb. (min.) per sq. in. 

(b) M = 200,000 in.-lb. N = 50,000 lb. 

e = = a in., which is greater than f and less than £d(= 8£ in.). 

50,000 o 

Ac, A, and Z are the same as in example (a). 

fcbtmtnj = - ~f 8 °° = '84 - 203 = - 19 lb. per sq. in., which is less than ^th 


55 + 216 


of the allowable maximum 


stress ^say, and therefore the maximum compressive stress is 


184 4 203 = 387 lb. per sq. in. 

(c) M = 300,000 in.-lb. N = 15,000 lb. 

e — — 20 in., which is greater than \d, and less than i\d x (=2^i in.). 

15,000 

With X = o -$d approx. = 9 in., F = + 1 = 1 ' 6 7- Assume n x = 0*55. 

J = 0*55 X 12 X 16*5 X 0*5 = 55. From Table 86, G — 0*224 and H = 11*5 approx. 


Thus fcb : 


15,000 x 1*67 

(i>224~X 12 x 16*5) 4 (n*5 x 1*57 X 0*909) 


= 412 lb. per sq. in. 


4 I2 [55 4- (n-5 X 1*57)1 - *5,000 _ 


6440 lb. per sq. in. 


The value of n x corresponding to f gt and f C b is 


= 0*49, compared with the 


412 x 15 

assumed value 0*55. Re-calculate with an intermediate value of n x = 0*5, for which 
j = 12 x 1 6*5 x 0*5 x 0*5 = 49*5. The accurate value of X is 

i< 3’5[(49-5 X Q-5) + (15 X 2*36) 4 (14 X 1*57 X 0*091)] ^ 6 Jn 
(2 x 49-5) + (15 X 2*36) 4 (14 X i*57) 

(It is interesting to compare this value with the assumed approximate value of o*5<f = 9 in. 

p — 20 H— 55 4 1 - 1*815; G = 0*208; H — ii* 2 (or 11*45 by calculation with the exact 
16*5 

value f t aa 0*091). 

C 15,000 x 1-815 


(0*208 x 12 x 16*5) 4 (H '45 X i *57 X 0*909) 


= 475 lb. per sq. in. 


475[49*5 4- (u*45 X 1*57)] ~ *5> 000 


= 7240 lb. per sq. in. 


Corresponding value of n x 


trial value (0*50). 


• 0*497, which is practically the same as the 


475 X 15 


(Continued on page 302.) 



COMBINED BENDING AND THRUST: RECTANGULAR SECTION.— TABLE 86. 

MODULAR-RATIO METHOD. 


ECCENTRICITY ABOUT 
CENTROID OF STRESSED AREA 
8.M. M 

g— — ... ae 

THRUST N 

METHOD ALLOWS FOR 

ANYMOOULAR RATIO (m) 
ANY VALUES OF A A sc 
and 


I lir. 



AX IS tupov oh 
CIH 7HOlC> op 
STRESSED A*SA 


fi,Z. 1 


U-l 




COMPRESSIVE 

STRESSES 

ONLY 


IVS COMPRESSIVE 
s TENS*llg ftRgSSES 

A c = bd 

c+Afij) 


MODULUS OF SECTION : Z (APPROX.) * 4- ^ - d^ ^ 

fcb(MAX) v. N 4. M S S 

Tcb(MIN)^^ A c 4A $ z. 

COMPUTE £ b £ M)N ^ 8Y METHOD FOR e < ^ ; IF POSITIVE, METHOD APPLIES. 
IF NEGATIVE (OR GREATER THAN PERMISSIBLE TENSILE STRESS IN CONCRETE) 
ADOPT METHOD FOR e > ^ . 

ASSUME d n •, EVALUATE H, « d ^d, AND J - -jr bdp. 

DETERMINE POSITION OF CENTROID OF STRESSED AREA: 

= [Jn,4 mAa + Cm-OVfjd ,, a v CAUUtATE p = • 

2 J + mAci.+ fm-nA,, v 2. / 


EVALUATE 

a = ?’C 

-%> 

AND 

H=» 

n,( nn_ *X n i 

"fa) 

OR 

OBTAIN FROM TABULATION. 


NEUTRAL- PLANE FACTOR H, 

•20 

•25 

•50 

*35 

•40 

•45 

•50 

•55 

-60 

•66 

•70 

-75 

FACTOR G = ^ 

rn t 0“3 r 

,) 

•045 

•114 

•135 

•155 

;|73 

•141 

•20$ 

•224 

-340 

*254 

•268 

•281 



RATIO OF STRESSES 

60 

45 

35 

28 

22*5 

"l8*3 

15 

L3*~r 

IO 

8 

6-5 

5 




0-20 

- 

2-8 

4*6 

60 

7*0 

7*7 

6*4 

4*0 

4-4 

4*7 

4-4 

10*1 


rn 

s 15 

I 

0-15 

3-5 

4*6 

7*0 

8*0 

8*8 

q*4 

4*8 

10*2 

10-5 

10*7 

11*0 

M*2 



J 2 d, 

o - 10 

7*o 

8*4 

4*4 

10. 1 

10-5 

10-4 

11*2 

11-5 

11-6 

it*g 

12-0 

12-2 




0-05 

10*5 

11*2 

11*6 

12* 0 

12*3 

12*4 

12*6 

12-7 

12*4 

12*4 

13*0 

13-0 

-2 


RATIO OF STRESSES 

5o 

37-5 

24 

23 

18*6 

13*2 

12-5 

10*2 

6-3 

6-6 

5-4 

4-2 


m 


0-20 

- 

2-3 

3-a 

4-4 

5-7 

6-3 

6-4 

7*4 

7-7 

8-0 

8-1 

8-5 

U1 

= 12-5 

£=i 

O- 15 

2*4 

4*6 

5*-7 

6*6 

7*2 

7-7 

8-0 

8*4 

8-7 

6-8 

4*o 

4*2 



^ d, 

0-10 

5-7 

6*4 

7.7 

8*3 

8*6 

4.0 

4-2 

4-6 

4-6 

4*8 

4*4 

10*0 

* £ 



0-05 

7-8 

4^_ 

4*5 

4*4 

IO-| 

10-2 

10-4 

10-4 

10-6 

10-6 

10*7 

10*7 

1 — s — ' 

V, - 


RATIO OF STRESSES 

40 

50 

23-3 

18*5 

_I5 

12*2 

IO 

8*2 

6-7 

5-4 

4-5 

5-3 

*•> 



0*20 

- 

1*6 

3-0 

3*4 

4*5 

5*0 

S»4 

5*8 

6*1 

4*3 

6*4 

6*5 

< II 

Z x 

TY) 

* JO 

£- d% 

0« 15 

2*5 

5*6 

4*5 

5*1 

5-6 

6-1 

6-3 

6*6 

6-8 

6-4 

7- 1 

7*2 

U- cC 


1 * d, 

0-10 

4-5 

5-4 

6-1 

6*5 

6* a 

7*0 

7-2 

7*4 

7-5 

7-7 

7-7 

7*8 

0 6 



0-05 

6*8 

7*2 

7-5 

7.7 

7*4 

a-o 

6*1 

8*2 

8*3 


6-4 

8*4 

0 £ 


RATIO OF STRESSES'! 

32 

24 

18*6 

14*6 

12 

4>a 

8 

6*5 

S-4 

4-5 

3-4 

2*6 

5° 

no 


O- 20 

- 

1*4 

2*5 

5* 0 

3-S 

3^ 

4*2 

4*5 

4-7 

4*q 

5-0 

5*1 

2 5 

= 8 



1*6 

2*8 

3*5 

4*o 

4-4 

4*7 

4-4 

5-1 

S*3 

6*4 

S-S 

5*6 



•'a d| 

o - 10 

5*5 

4*2 

4*7 

S»l 

5*3 

S-S 

S*a 

5*8 

5-8 

6-0 

6*0 

6*1 




0-05 

5*8_ 

5*6 

5*6 

6*0 

6*2 

6*2 

6*3 

6*4 

6-S 

6-5 

6*5 

6*6 


TO DETERMINE STRESSES SUBSTITUTE EVALUATED FACTORS IN 

/ N F r faf J + HA*) - N 

■Arb G bd,+ HAjcQ-fj,) { 'slT A s t 

CHECK ASSUMED VALUE OF n, FROM P, =* • J RECALCULATE WITH REVISED VALUE 

1 + nrtbw OF n, IF DISCREPANCY EXCEEDS 5% 


g CALCULATE STRESS E 5 AND^ OUE TO B.M. ONLY, AND DETERMINE d n = r»,d, FOR THESE STRESSES. 

>15^) evaluate £* : v— — r-r— • then/,, and/,, 

J bd n +wi.A$b + C m -0 A sc ■ / cb(MAo) '«b /sk(MAx)/sk >c 
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COMBINED BENDING AND THRUST: RECTANGULAR SECTIONS 
(MODULAR-RATIO METHOD) (continued from page 300). 


Notes on Table 87 . — Case I applies to sections subjected to compressive stresses only; 
Case II is for sections subjected to tensile and compressive stresses. The cross-section of the 
member is rectangular and there is an equal amount of reinforcement adjacent to each of two 
opposite faces. The cover ratio is one-tenth of the overall depth. 

In a case between Cases I and II, that is, if fcbimi*) is a small tensile stress, and if 
tension in the concrete should be ignored, f C b(max.) is greater than the stress obtained for Case I 
, . NK X 

and is about — 

0-9 bd 

The table applies only if the cover-ratio f 2 is o*i for A 9t and A sc , but the table can be 
used if the following adjustment is made. If / 2 > o*i substitute (i-i — f 2 )d for the actual 
value of d. If / 8 < o*i, the maximum stress in the concrete calculated from the table is 
slightly in excess of the actual stress. 

The table is based on the eccentricity about the centroid of the section. It is accurate 
for Case I and for large values of e x in Case II; for small values of e x in Case II the stresses 
are only approximate; for more exact calculated stresses the case e > o *$d in Table 86 should 
be used. 


Examples. — Consider a member in which d is 20 in., b is 12 in., A 8t and A sc both consist 


of three i-in. bars (that is, p ■■ 


100 x 4*71 
20 x 12 


= 2-o per cent.). With i£-in. cover, d x = 18*5 in., 


2 in.; — = o*i ; therefore Table 87 can be used directly for the determination of the 


d a 

maximum stresses in the following examples, in each of which N — 120,000 lb. 
(a) M — 240,000 in. -lb. 


M 240,000 e 2 

e = T7 “ = 2 in.; e x = - = — = o*io. This is Case I; for e, ■ 

N 120,000 d 20 1 

cent., K x — 1-17. By substitution 

1*17 x 120,000 


o*r and p = 2 per 


and fcbimin ) 


fcb{max ) — 

2 N 


585 lb. per sq. in. 


, 2 x 120,000 0 0 „ 

- /.«»».) = iraSx- M X 20 - 585 = 185 lb - P er S< 1 - 


i -4- 0-14 p)bd 
(b) M = 720,000 in. -lb. 

e — ? 3 -z 22 ? = 6 in.; e x — — — 0*3. This is Case II; for e , = 0-3 and p 
120,000 20 ^ 1 j r 

n 0 — o-8o. For p — 2 per cent, and n Q = o-8o, K 2 — 0*153. 

720,000 


2*0 per cent., 


fcb(max-) — 


0*153 X 12 X 20* 


980 lb. per sq. in. 


fit = 15 X 98o(^| — 1) = 1840 lb. per sq. in. 


COMBINED BENDING AND TENSION. 


Example of Use of Table 89 . — A rectangular member is 18 in. deep, 12 in. wide, and is 
reinforced with two i-in. bars in the top and three i-in. bars in the bottom. If d x = i6£ in. 
and d % — 1 J in., determine the stresses if M = 100,000 in.-lb. and N = direct pull of 20,000 lb. 

2*36 X I *5 

Table 89 applies. A s x = 2*36 sq. in.; A tt = 1*57 sq. in. X' = ~ ~ 9 in * 

e — ° = 5 in. which is less than L» — £'(=* 6 in.). 

20,000 J 


/«ti (in A tl ) 

f §tt (in A fa ) 


20,000(5 + 9) 

2*36 x 15 
20,000(15 — 5 — 9) 


7900 lb. per sq. in. 

850 lb. per sq. in. 


i*57 X 1 5 



COMBINED BENDING AND THRUST: SYMMETRICAL SECTIONS.— TABLE 87. 

MODULAR-RATIO METHOD. 
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COLUMNS SUBJECTED TO BENDING: LOAD-FACTOR METHOD. 


Examples. — A column of 1:2:4 ordinary-quality concrete {pee = 760 lb. per sq. in.) 
is to be designed for the conditions described in each example. The width d parallel to the 
plane of bending is 20 in., and the width b at right-angles to this plane is 12 in.; the reinforce- 
ment comprises three i-in. mild steel bars near each of the two 12-in. faces; the cover is 1 J in., 

and d t 2 in. Therefore, bd 12 x 20 = 240 sq. •n.; /, = ^ = o-x; A , C1 = 2-36 

sq. in., and r = = 0-02 (2 per cent.). The effects of wind are not included in the applied 

load and bending moment; therefore formulae series (i) and the factors in the lower part of 
Table 88 can be applied since the bars are less than ij-in. diameter. ( p te = 18,000 lb. per sq. 
in.; pet — 20,000 lb. per sq. in.) 

From Table 88 for ioor — 2 per cent, and f x = o*io, K 0 = 1103 lb. per sq. in., K b — 395 lb. 
per sq. in. and ~ = 0*621. Therefore P 0 = 1103 x 240 = 264,720 lb. P b = 395 x 240 
«= 94,800 lb.; e b = 0*621 x 20 = 12*4 in. 

(а) Applied load 60,000 lb., which is less than P 6 ; Case I. Factor Ki in Table 88 applies. 

(i) Bending moment 600,000 in.-lb. ; e = 6o0> - °- — 10 in. (< e b) \ 4 = — — 0*5; there- 

60,000 ' d 20 

fore Ki — 484 lb. per sq. in.; safe eccentric load — 484 x 240 = 116,000 lb., which is greater 
than the applied load; therefore the section is satisfactory. 

/••v 2 . . . 1,200,000 , . e 20 

(11) Bending moment 1,200,000 in.-lb.; e — —z = 20 in. (> e b )> -5 — — = i*o; 

' 60,000 v ' d 20 

Ki — 238 lb. per sq. in., and Pi — 238 x 240 — 57,100 lb., which is less than the applied 
load and therefore the section is inadequate ; therefore either increase the reinforcement to, say, 
six i^-in. bars; or increase d to, say, 21 in.; or increase the quality of the concrete to 1 : 1} : 3. 

(б) Applied load 94,800 lb., which is P b ; the section must be satisfactory (as this is the 
borderline of Cases I and II) so long as e is not greater than ei ,. 

(i) Bending moment 760,000 in.-lb.; e = 760,00(3 = 8*o in {< e b ); 4 = — = 0*4; 

94,800 ' ' d 20 

Ki ass 555 lb. per sq. in. which, being greater than K b = 395 lb. per sq. in., shows that the 
section is satisfactory. 


(ii) Bending moment greater than 1,175,000 in.-lb. In this case e = — I2 ‘4 in * 

which exceeds e b ; hence Ki is less than K b \ the section is inadequate. 

(c) Applied load 120,000 lb, which is greater than P 6 ; therefore Case II applies; the 
appropriate formula is formula (D) for Ku in Table 88. Safe load (at eccentricity e) = Pn 

= Kubd. The intensity of the applied load is — = ~ 2 ~ ^°° ~ 5°° lb* per sq. in. 

(i) Bending moment 1,200,000 in.-lb.; e — — = 10 in. (< e b ). From formula 

120,000 ' 


Kn = 


1103 


1 + 


(im _ A 

\ 395 / 


10 

12^ 


N 

450 lb. per sq. in., which being less than ^ (= 500), indicates 


that the section is inadequate although e is less than e b . The greatest bending moment that 
can be combined with an applied load of 120,000 lb. can be calculated by transposing formula D 

and substituting ~ for Ku, thus 


(stt)(I 

V K b ' N bd 



12*4 


u ) 

(U 23 - r 

U500 ) 

'bd » 

\ 395 

) 


8*4 in. 


Max. bending moment with N = 120,000 lb. is = 120,000 x 8*4 = 1,008,000 in.-lb. 


(ii) Bending moment 1,488,000 in.-lb.; e = = 12*4 in. (= e b ). 

From example [c, i) it is seen that the section is inadequate to resist this combination of 
bending moment and load, although e is equal to e b . It is obvious that, for e = e b , the greatest 
load P b that can be sustained is 94,800 lb. 

(iii) Bending moment greater than 1,488,000 in.-lb. For this case, e will exceed e b and 
it is obvious from the foregoing, without further calculation, that the section will be inadequate 
(that is, Ku > Kb ) . If e exceeds e b the applied load must be less than P b which is Case I and 
is dealt with as in example ( a 



COMBINED BENDING AND THRUST: RECTANGULAR COLUMNS.— TABLE 88. 

LOAD-FACTOR METHOD: B.S. CODE. 



3 5 10,000 23,000 Pq. (1- f,)-35oo r 

1 

§ ** e 5 

2 6 3QOOO 28,750 X p a ^-f 1 )-625r 


ALL 

CONDITIONS 


rx b an u c b 
CALCULATED FROM 
FORMUL/E ABOVE 


V + 11500 1^1-210 f r 

I Kb ~*2 1 

AND V- (l- fj)^l - 0*5X) X p cc — 

I 1± 


— A *ct f 2 A 

J_r«^ 

-i bd 

^.f,d 


Q"t-§-nsr 


• Pa' 
U-i-4- 





REINFKT 

ioor 

K 0 

COVER 

RATIO 

PER 

CENT. 

0-8 

8 97 

0*05 

o - 10 

0 * 15 

1*0 

932 

0*05 

0*10 
0*1 5 

2*0 

1103 

0-05 

0*10 

0*15 

30 

1277 

0-05 

0*10 


Kb 

$ 

430 

0*375 

407 

0-381 

364 

0*383 

428 

0-415 

405 

0-420 

362 

0-423 

418 

0-630 

395 

0-621 

372 

0-613 


408 O' 852 
385 0*835 


398 1*090 

375 1*060 

352 1*025 



Ki (LB PERSQ IN) }j 


0*5 

I- 0 

1*5 

403 

388 

372 

324 

306 

280 

122 

no 

99 

75 

GO 

47 


406 

341 

320 

150 

134 

121 

82 

74 

66 



261 

238 

214 

166 

143 

126 



353 

322 

293 

22 1 
205 
183 




291 

263 

234 

VALUES OF K t FOR 

e<e b 

NOT applicable 

fro* PURPOSE OF INTERPOLATION 

K x -K b 

FOR e/d « C k-/d 



P*= K n bd K 

FORMULA D: K n = r— 

WHERE K 0 » FACTOR FOR SAFE CONCENTRIC 
LOAD ON SHORT COLUMN 

= Pcc + r CPsc-Pcc) 


FORMULA FOR. 
SPECIAL CONDITIONS 


p jJ >20,OOOL8./SQJN 
SAFE CONCENTRIC tOADfSHORT column): 
P 0 -K 0 bd 

760 * 17, 240 r 
limiting eccentric load: 

Pb- 

K b - 400(1-^) -looor 

LIMITING ECCENTRICITY - e b 5 
e b _ 322 fi-f,f+ 3000 »tf -2 “ 
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TABLE 89.— COMBINED BENDING AND TENSION. (MODULAR-RATIO METHOD.) 


K 

«J£ 

Q> 2 

•« ul 

0 s 

in u. 


w * 
3 2 


AVERAGE TENSILE STRESSES IN REINFORCEMENT , [CROUP A w * BARS INTENSION OUE TO] 
IN GROUP A* -t. *SI<aS L 0 . M. ONLY ACTING* J 




r Nfc+g 1 
'sfct ^A st 
‘ IN CROUP Ast 

r : C-e-a 
tAl ~ 4.A. 

MAX. TENSILE STRESSES 
(in OUTER bar or bars 
IN CROUP A SI ) _ _ 

Wfefey *' r ■ 


-TOTAL AREA « A ^ 



jfm * 

1,_ 

‘ AXIS THROUGH CENTROID ] 


L-T' ' / • *\ 

X / \ 

OFAjB j 

AXIS THROUGH CENTROID 1 

£ 

' 

\ , 

Y N^DIRECT TEN 

^ion) 

0 FA S1 +* W 

€ -5c 1 
^as 


i v_ • . .y 


AXIS THROUGH CENTROID 


OP A si 
^ TOTAL AREA** A S t 


Aj,+ A 52 

TENSILE STRESSES 
IN reinforcement 
IN GROUP A si 

f .. 

4 S A S) 


A* # A, 



A st f 

N (TENSION) 


A $1 =* A s ^~ A s [at both faces] 
IN GROUP Asi 
j: _ 

Jsti 


•'Sti /? Av 

c as 

IN GROUP A S Z 


*«- J: tsr L 


ASSUME d n 

R -(P«.- d r0^t 

CENTRE OF TENSION: 

n? zr 

|^_ 2 Pa(Pg~ ^n) BARSApi] 


_ — i a.vi a i. 

I^5nT° FSAME| 



Zui 

h ^ 

n U 
_ iu 

gt 

<r 


>S 

v/> U 

si 

CL 

£ 

o 

u 


SUE J 

EQUIVALENT AREA OF STRIP: 

a-b^x+On-i) SA C 

CENTpJE OF COMPRESSION • 

Sscpoca 

c Zsc n a 

POSITIONOF CENTROID OF STRESSED AREA.: 5 c «* m S£A c Pft+- S CAJC 

mZ6 A t fSa 

MAX, MUM STRESSES- + N ] 
CHECK TRIAL VALUE OF d n . 
assume d n . evaluate n,*dn/a, and 0 ■.■fcbd n . w 


EVALUATE L = t 

H - n.Cw-'X'V-fi) 

auikic efoceerc 


^ ’n.r'-'A’VTz J 

DETERMINE STRESSES BY 
SUBSTITUTING IN 

r _ ml 

^^Obdj+HA^I-fi) i 

^ * j h>(j j check assumed d n . 



CALCULATE f c b AND DUE TO 8 .M. ONLY, AND DETERMINE d n * n,d, FOR THESE STRESSES. 
SVALUATZ / c - bd^^Cm-lW - THtN 


BVALUAT* e « ^ AND 6.- e-Htd - ell t A-l RBSfcltRED « _N_ / I , «lA . f.uvsAARM. 


ft 


Note. — F or an example of the use of this table, see page 302. 
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COMBINED STRESSES.— TABLE 90. 
BENDING IN TWO PLANES. 
PRINCIPAL STRESSES. 


SECTION MODULI. 


. : ABOUT XX, 

TO 

AT EDGE A-0 * I*/* 

xd : M 

’ ’ c - D 'Vd-x 

yo* - «<i* 

’ ‘ B‘ c -ty? 

1b : “ 



My - B.M. IN PLANE y 1 } . 

M x - B.M. IN PLANE XX. 

A e » EQUIVALENT AREA = bd + (WO A SC 

I N£* CONCENTRIC THRUST 

jn STRESSES. J cc = — * 



|7“ 

ai 

-1 

jJ 

N 


IF NO THRUST, f cc ~ O 

AT C: ib = (4 _ T^) + S 


NOTATION AS ABOVE (WHERE APPLICABLE). 
ADDITIONAL NOTATION, „ 

7 =. + WOCAsbjAs^ r 

n G Zb 

STRESSES^APPROX.) WHEN M^>M X . 

©CALCULATE / $t , fcb ° d n 

FOR My COMBINED WITH N OR / 

FOR My ALONE IF NO THRUST. 

©CALCULATE = f x |^_ 

©RESULTANT STRESSES. 

COMPRESSION C C r 

IN CONCRETE AT A l T* f . - f 


Ftt^ 


// ' NEUTRAL 

/ d . 



Zxd-' Zyo 




PLANE/ / 

I 


COMPRESSION ^ > COMPRESSION (MAX) f f T 

IN CONCRETE AT A : IN CONCRETE AT Bi 7 cb + f x 

tension(max.) r r r tension err 

IN BAP, At D : Tto-ijt+mfx IN BAR A T C: Jt £ = Jst" m K 



U - -*G //i W » /xQ 
^ 0 4c = 4 ClfiJ* 4<v z - fxt) 




( J face*" 4-0? + f X C ) 


/pc' + 'T' 
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NON-PLANAR ROOFS. 

Prismatic Structures. — To design a simple prismatic roof, or similar structure, com- 
prising a number of planar slabs, the resultant loads P acting perpendicularly to each slab and 
the unbalanced thrusts N acting in the plane of each slab are determined first, taking into 
account the thrust of one slab on another. The slabs are then designed to resist the transverse 
bending moments due to loads P assuming continuity and combination with the thrusts N. 
The longitudinal forces F due to the slabs bending in their own plane under the loads N are, 
for any two adjacent slabs AB and BC, calculated from formula (2) in Table 91, in which Mab 
and Mbc are from formula (1) if the structure is freely supported at the ends of the span L. 
For each pair of slabs, AB — BC, BC — CD, etc., there is an equation like (2) containing three 
unknown forces F. If there are n pairs there are (n — 1) equations and (n -f 1) unknowns. 
The conditions at the outer edges (a) and (z) of the end slabs determine the forces F at these 
edges; for example, if the edges are unsupported, F a = F t = o. The simultaneous equations 
are solved for the remaining unknown forces Fa, Fb> Fc, etc. The longitudinal stress at any 
junction B is calculated from the formula (in Table 91) for fs- Variation of the longitudinal 
stress from one junction to the next is rectilinear. If fs is negative, the stress is tensile and 
the consequent tensile forces should be resisted by reinforcement. Shearing stresses are 
generally small. 

Domes. — A dome is designed for the total vertical load only, that is, for the weights of 
the slab and any covering on the slab, the weight of any ceiling or other distributed load 
suspended from the slab, and the live load. The intensity of total load = w = the equivalent 
load per sq. ft. of surface of the dome. Horizontal loads due to the wind and the effect of 
shrinking and changes in temperature are allowed for by assuming an ample live load, or by 
inserting more reinforcement than that required for the vertical load alone, or by designing 
for stresses well below the permissible values, or by a combination of two or all of these methods. 

Segmental Domes . — Referring to the diagram and formulae in Table 91, the circumferential 
force acting in a horizontal plane in a unit strip S is T, and the corresponding force (the meri- 
dional thrust) acting tangentially to the surface of the dome is N. At the plane where 0 is 
51 deg. 48 min., that is, at the plane of rupture, T — o. Above this plane T is compressive and 
reaches a maximum value of o-^wR at the crown of the dome (0 — o). Below this plane T 
is tensile, and equals o-i6jwR when 6 — 60 deg., and wR when 6 — 90 deg. The meridional 
thrust N is Q'$wR at the crown, 0-618 wR at the plane of rupture, and o-667wR when 6 — 60 deg., 
and wR when 0 — 90 deg ; that is, N increases from the crown towards the support and has its 
greatest value at the support. 

For a concentrated load W on the crown of the dome T is tensile; and T and the corre- 
sponding meridional compressive thrust N are given by the appropriate formulae m Table 91, 
the basis of which is that the load is concentrated on so small an area at the crown that it is 
equivalent to a point load. The theoretical stress at the crown is therefore infinite, but the 
practical impossibility of obtaining a point load invalidates the application of the formulae 
when 0 is nought or very nearly nought. For domes of varying thickness, reference should be 
made to other publications. 

Shallow Segmental Dome . — Approximate analysis only is sufficient in the case of a shallow 
dome; appropriate formulae are given in Table 91. 

Conical Dome . — In a conical dome, the circumferential forces are compressive throughout 
and at any horizontal plane x from the apex are given by the expression for T in Table 91, the 
corresponding force in the direction of the slope being N. The horizontal outward force per ft. 
of circumference at the bottom of the slope is P and resistance to this force must be provided 
by the supports or by a ring beam at the bottom of the slope. 

Segmental Shells. — The longitudinal, tangential and shearing membrane forces in an 
element of a shell roof (defined in position by x and 6 X ) are given in Table 91. Note the distri- 
bution of dead and live loads on which the formulae are based. The principal stresses in any 
part of the shell (due to the membrane stresses only) are computed by the appropriate formula ; 
the reinforcement is arranged to be approximately in line with the principal tensile force and 
to resist this force. Limitations on the length and width of the shell and the thickness of the 
slab are as given in the diagram. The effects of a support along the free longitudinal edges and 
of the end-stiffeners is to modify the forces in the vicinity of the edges and ends ; publications 
dealing with the design of segmental shells should be consulted to determine these effects. 



SEGMENTAL SHELLS 0 O M E S (mpplo PLATE conSTMCtVon) 


NON-PLANAR ROOFS.— TABLE 91 


H. -,£TC.« THAUST IK PLANE OF SLAB AB,ET C., 
AD DUE TO COMPONENT OF LOAD AND 

WEIGHT AND OF THRUST IN SLAB 
BC,ETC. 

M A5“ 

LONGITUDINAL STRESSES! ^ 

(TENSILE IF NEGATIVE) 

AT JUNCTION B: / 

' // 

SIMILARLY FOR dUNCTIONC,ETf) N. 

FORMUL/C FOR STABILISING FORCES, N 

slabs ab and bc [formula®]: 

+ a^fe 


j£9> *A#i*4ei ETC- “ toA0S 






APPLIED NORMAL 
TO PLANE OF SLABS. 




F A ; F e> ETC * “ STAB RISING 
FORCES ALONG JUNCTIONS 
A,B> ETC. OF SLABS. 


T - circumferential force(iN horizontal plane) v 

IN UNIT STRIP AT S. 

N « MERIDIONAL THROST (ACTING TANGENT! AH') A 

IN UNIT STRIP AT $ . /Qtfr 

UNIFORMLY- DISTRIBUTED LOAD W PER UNIT AREA 

OF SURFACE OP DOME 

T-^ N&g 8 ]' "-“"feSA 

AT CROWN* T- N» 2 (COMPRESSION) 


PLANE OF 
RUPTURE 




LOAD W CONCENTRATED at crown \ // 

Tr K1 - W __ [FORMULA NOT APPLICABLE! \ I // 

2TfR cosec S, N- 2TTRsin2Q * Lto SMALL VALUES OF© J \ j V 

SHALLOW SEGMENTAL DOME (aPPROA. METHOD) Jg_ 

total load on supports -W« 2ltRrui * /* 

8r * 2WR , i r 

at springing; N ■ 1 — ■ 

TTD 4 WTR-r'i N r D -P 

TENSILE FORCE in RING BEAM AT SPRINGING: T R =» — > L A 

CONICAL DOME. _ " ° / \ \ ^ 

IN HORIZONTAL PLANE AT 0C1 T» U)DCtdn 2 0 (COMPRESSION) / \ U 

Kl.JS- / 


I _ . , rnn xj _ 

AT BOTTOM t P WH TcofiST PERUN1T LENGTH OF CIRCUMFERENCE. 


MEMBRANE FORCES. (POSITIVE^TENSIL^ 

tangential; 

Fq * — C^d+ COS$x) R «>* 

longitudinal? r 

F x = - (€-x)S[l^.we x +i-S u e (cce%- sin 2 ©,.)] 
shearing: 

Q*,- (H) + I' 5lO e cad x )[2*-e) sin 6^. 

AT MID-POINT B OF CROWN (0~» O) , J 

f«— ^( uia+j.su.4) 

PRINCIPAL FORCES (MEMBRANE FORCES ONLt) * ^ , 

F P*i( F x +F ij) ±Ji(F* F^Q*,. prnc 4 „ kbk 


END ,« * THICKNE SS OF SLAB 

STIFFENER^ / *2? 200 

AT 

V 'O*. L°* / 7T"^3 r EACH OF FOUR 

i30 D >50 B ) W 

■^^asjassj, ^ 


rcvg-dx 
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TABLE 92.— BRIDGES: GENERAL DATA. 


STRUCTURE GAUGE FOR RAILWAY OVERLtNE B RIDGES. (appro*.) 




'2-0 RAO. IN CORNERS 

note: / 

FOR PRIVATE / 

SIDINGS FOR L*. 

WAGONS ONLY \ 
A< \V*C» n 


lG> f ‘ G n • 
~(25'*G d MlN.) 



SINGLE. LINe 


ROAD BRIDGES. 


doueue LINE 


bridges over roads, footbridge. 



L s = 12-5 (s + lo) FEET 


WHEAE S = ALGEEAAIC DIFFEAENCE OF SLOPES EXPAESSED 
AS PEACENTAGE. ECJ - 

SLOPE I : 20 = J9° =5 7=Q 

a SLi. 20 

s ~ 4°° 

AT ANY POINT : d, » h-M d 

MAX. GAADIENT FOA MAIN AOAD5 tm I*. 30; G a 3/ / 3% 

SIGHTING 01 5TANCE OVER CROWN OF BRIDGE (AOADVAyV- 



- I PERMISSIBLE STRESSES ON STEEL BEARINGS. 
PINS. BENOINO e I3 Wtonsper SQ IN 

6EAMMQ .IS - . - P ' OLL ^ 

SHEARING s <oV \ 2 * * » P * 8i 

LONGITUDINAL FORCES DUE TO SEARINGS. 

FRICTIONAL * RESISTANCE OF ROLLERS 1 PEA CEN 


ROLLERS : D as oia of roller (in) 3^ 
pressure on steel rollers ^ 0-28 D 

TON PEA LIN, IN. 


PA1CTIONAL * AESISTANCt OF AOLLEAS 1 PEA CENT, j 5 PEA CENT. < 3 ROLLERS 

* * SLIOINO PLATES 25 * " (STEEL ON STEEL OA CAST IAOn) 

EXPANSION OA CONTAACTION DUE TO TEMPERATURE *. ALLOWED FOA BY CONSIDEA1NO FRICTION ON 
EXPANSION BEARING UNDER DEAD LOAD AS ADDITIONAL ECCENTRIC THRUST OA PULL IN GIRDER 
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BRIDGES: TYPES.— TABLE 93. 


|I 


T 


h 




FRSEIY-SUPPORTED SLAB 


CAST INSITU PRECAST 

TRANSVER5E SECTIONS 


1 ipr 


SINGLE FREELY- SUPPORTED SPAN 
CAST-INSlTU OR PRECAST BEAMS 
CAST- INS ITU SLAB 


DOUBLE - CANTILEVERED 
CONSTRUCTION 


* 1 h< ^ T 

Suspended Span 

MULTIPLE- SPAN CANTILEVERED CONSTRUCTION 
WITH PRECASTOR CAST-INS1TU SUSPENDED SPAN 


tunii4 

:ast-insitu construction 

PRECAST BEAMS 

TRANSVERSE SECTIONS 


STATICAL DIAGRAMS. 


FREELY - 
SUPPORTED 
BEAM OR SLAB 


* fi*ed(pivotted) support 
: ROLLER OR SLIDING BEARING 


DOUBLE . 
CANTILEVER* 




FORMULA FOP* a h aj>, ETC, APPLY ONLY 
WHEN EACH SPAN EQUALS L. 
W D »UN!FORMLY DISTRIBUTED DEAD LOAD PEfLFT. 
ar^ « « » live w »' * 


ARTICULATED 

COMBINATIONS 

OF 

SINGLE 
AND 
DOUBLE 


"ar? ib a, - I keta A- M+lS 

lay [ w wd+wi'I 

Tj. az'O-sQ-jF-fa,) 




CANTILEVERS 


UTd+ uf L 

aj= 




T == f r jr 

cttMA-rivc puncu c «unwvi ry rrtikpn i 


(alternative PROFILE SHOWN BY broken lines) 

CONTINUOUS BEAMS. DECK SIMILAR TO STATICALLY- DETERMINATE BEAM- AND -SLAB 


£ 

H 


Hinge 

— .v SW’^ j | 


Alternative 

Profile 


" IlM.il/IH YgV^'lp 
Profile 
- Hinge 


SLAB WITH BEAMS 
AND COUNTERFORTS 


CANTILEVERED BEAMS 
AND COLUMNS 


Sc e 

H u» 


HINGES- 

THREE-HINGED ARCH R105 THREE- HINGED ARCH SLAB 


-EARTH FILLING 
BETWEEN 
SPANDREL WALLS 


^r^^ffTrn^r 


TWO-HINGEO ARCH Rl BS TWO- HlNGlO ARCH SLAB 



FIXED ARCH SLAB 


DECK AT C RO W N DECK AT INTERMEDIATE LEVEL 

FIRED ARCH RIBS 


CLOSED SPANDRELS 

U -1 


H'TT-f 

n B ^>n 5 ^ 

pen spandrel: 

jnb 


BOWSTRING 


TRANSVERSE 
SECTIONS OF 
ARCH BRIDGES 


LATTICE 

GIRDER 


/NNNIWs -wg fITTri I 

WlMlNr wmm i 
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BEARINGS, HINGES, AND JOINTS. 

Hinges and Bearings. — A hinge is an element that can transmit a thrust and a shearing 
force, but permits rotation without restraint. If it be essential that hinge action be fully 
realised, it can be effected by providing a steel hinge, or by forming a hinge monolithic with 
the member as shown at (a) in Table 94 ; this hinge is sometimes provided in a frame of a large 
bunker to isolate the container from the sub-structure or to provide a hinge at the base of 
the columns of a hinged frame bridge. The hinge-bars (a) resist the entire horizontal shearing 
force; the area of concrete at D must be sufficient to transfer all the compressive force from 
the upper to the lower part of the member. The hinge bars should be bound together by 
binders (d) ; the main vertical bars (e) should terminate on each side of the slots B and C. 
It may be advantageous during construction to provide bars extending across the slots, 
and to cut these bars on completion of the frame. The slots should be filled with bituminous 
material, lead, or a similar separating layer. 

In Table 94 there are illustrated other types of hinges and bearings. (6) A hinge formed 
by the convex end of a concrete member bearing in a concave recess in the foundation. ( c ) A 
hinge suitable for the bearing of a girder where rotation, but not sliding, is required. ( d ) A 
bearing for a girder where sliding is required (e) A mechanical hinge suitable for the base of 
a large portal frame or the abutment of a large hinged arch rib. (/) A transverse expansion 
joint in the deck of a bridge, which is suitable if the joint is in the slab or is formed between 
two transverse beams, (g) A rocker-bearing suitable for girder bridges of spans of over 50 ft. ; 
for spans less than 30 ft. an expansion is not always necessary, and up to 50 ft. a sliding bearing 
as at ( d ) is sufficient. (A) A hinge suitable for the crown of a three-hinge arch when a mechanical 
hinge is not justified, (j) A bearing suitable for the support of a freely- suspended span on 
a cantilever in an articulated badge. 

The permissible bearing stresses on bearings and the longitudinal forces due to bearings 
are given in Table 92 ; the load on bearings formed by two curved surfaces m contact is also 
given in this table Permissible bearing pressures on plain and reinforced concrete under 
bearing plates are given in Table 104. 

Expansion and Contraction Joints. — The joints shown in Table 95 are expansion 
and contraction joints suitable for various structures. At (a) is a vertical joint in the stem 
of a cantilever retaining wall; the spacing depends on the height of the wall but should not 
exceed 60 ft. For low walls with thin stems a simple butt-joint is generally sufficient, but 
unequal deflection or tilting of one part of the wall relative to the next shows at the joint; 
a keyed joint as at (a) is therefore preferable for walls more than 4 ft. high. The key also 
reduces the risk of percolation of moisture through the joint. The double chamfer improves 
the appearance. Where it is necessary to provide for an amount of expansion exceeding the 
probable amount of shrinkage a space, say, £ m. wide, should be left between the faces of the 
concrete and filled with resilient material. 

At ( b ) a method of bearing the base of the wall of a cylindrical tank on the bottom is 
illustrated, which ensures that bending moments are not induced in the wall due to restraint 
at the bottom. Because of the difficulty of maintaining such joints, monolithic construction 
and designing the wall to resist bending moment may be preferable. 

In the walls of a reservoir a watertight joint must be provided to allow for movements 
due to shrinking and change of temperature; a suitable joint for a cantilevered wall or a wall 
that spans vertically is shown at (c). 

In slabs laid on the ground (and not forming part of a foundation raft), construction joints 
should be permanent joints in predetermined positions, such as at the end of a day's work, 
at a restricted section, at a change of thickness, or at other positions where cracks are likely 
to occur. At (d) is shown such a joint that makes a definite break in the slab ; this type of 
joint should be provided at intervals of about 15 ft. in the bottoms of reservoirs or in floors 
laid directly on the ground. The pad under the joint prevents one panel settling relatively 
to the other when laid on soft ground, but on firm ground the pad may not be necessary. 
When the floor is subject to abrasion, as in factones where wheeled containers travel across 
the joint, the edges should be protected by steel angles as indicated. If the ground is water- 
logged, the joint at (/) can be adopted; this joint is also suitable for the floors of reservoirs. 

In the case of cantilevered retaining walls and reservoir walls it is not always necessary 
to extend the joint from the walls into the base slab, but a longitudinal joint parallel to the 
wall should be provided in the base slab to separate the base of the wall from the remainder 
of the floor when the area of the floor is considerable. 

If permanent joints are provided in buildings it is necessary to carry the joint through 
the floors, walls [as at (A)], and roof slab [as at (g)]. The joints in the walls should be made 
at the columns, in which case a double column as at ( e ) is provided ; the space is filled with a 
joint filler; the copper strip or other type of water-bar must be notched where the binders 
occur, the ends of the notched pieces being bent horizontally or cut off. At joints through 
suspended floors and flat roofs it is common for a double beam to be provided. A joint filler 
and water-bar are required in a joint in a roof, but a joint in a floor should be sealed to prevent 
rubbish accumulating therein. 



BEARINGS AND HINGES.— TABLE 94. 
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TABLE 95 . — EXPAN SION AND CONTRACTION JOINTS. 


PT STAGS, 

/ STAGE 




x*vr«Pnc 3 or«c> 

—T pap«« 
RKWHroceccMcmT 


\oot*r FAce 
Co) VERTICAL JOINT 
■M CANTILEVER ED 
RETAINING WAUL. 


surflacfcor, • 4 '• / Joinh sealing 

robber pad • '. >. r / compoorvi 

if**? *f.’ '*'■*< *<> <*.* »•*<•*»■ «■ • 

(b\- BASE OF WALL OF 
' ' CYLINDRICAL TANK. 


COPPER STRIP 


PFOTeCTlNQ ^ 
STEEL fi.tSC.LRS \ 


.Bitumen or similar. 
f filling 

/ /'REINFORCEMENT 



l MASTIC FILLING 

(C.) VERTICAL JOINT »N RESERVOIR WML. ''pad Required when soili$ HOT FIRM 


■DRY JOINT 

C water proof eo 
■>ApeRj 


(d) JOINT in FLOOR LAID OH THE GROUND. 



COPF««*. _ 
STRIP ] 


„ asphalt 

or similar joint filler. 


'/^COPPER 
* STRIP. 


i • » 'WATERPROOFBD 

^^'efAMmiossHstT. * M ‘“ 

(fe) EXPANSION JOINT AT COLUMN. Cf) JOINT in FLOOR LAID ONTHE GROUND. 


Bitumen FILLING * 


EXTERNAL FACE OF WALL j 


WATERPROOINJD l>COut*a PLABTeA. 

PAPER / 

TlMe«R SEPARATING STRIP 
MESSIAH /'ASPHALT 


V/ATEFPWOOFEO PAPWP 


BITUMEN-*'" 

/ ‘COPPER strip 

(Hardwood STRIPS 

«MOCK MAM 

(h) Alternative designs for 

JOINTS IN EXTERNAL WALLS 

OP BUILDINGS. 

(g) alternative designs for 

JOINTS W ROOF SLABS. 

N0TE5.-fl) FOR OTHER TYPES OFJOIN75 SUITABLE FOR RESERVOIRS, SEE B. 5. CODE No. 2007. 
OOCOFPER- STRIP CAN BE REPLACED BY RUBBER OR SIMILAR WATER-BARS. 
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TYPICAL DETAILS TYPICAL JOINTS STRESSES IN ROAD 


CONCRETE ROADS. — TABLE 96. 


W ** WHEEL LOAD (LB.), 
d « THICKNESS OF CONCRETE SLAB (IN.). 

f m MAXIMUM COMPRESSIVE AND TENSILE STRESS 0*8. PER SQ.lN.). 

R - RADIUS OF CONTACT AREA OF WHEEL ON SLAB. 

R,« EQUIVALENT RADIU5 OF CONTACT AREA(lF R> l*7Md, K,»R). 

E c -» ELASTIC MODULUS OF CONCRETE, ^ » POISSON' S RATIO FOR CONCRETE (* O TO 0-3) 

r « RADIUS OF RELATIVE STIFFNESS » * A-f . C^ . 3 m 

Vi2(i-ju 2 )k 

J-,=S COEFFICIENT (» 5r APPROX.). C *> COEFFICIENT (> 0*4). 

K =* MOOULUS OF REACTION OF GROUND (« RECIPROCAL OF DEFORMATION IN INCHES WREN SOIL 

IS LOADED WITH I LB. PERSQ.IN.) 

SOFT AND PLASTIC 501 LS.* k * 50 
FIRM SOIL? *200 

COMPACT GRAVEL AND ROCK* * 500 
MAXIMUM STRESSES. 

AT AN *tws: j “ — ’'jV 1 — [ lo 3(^]- T"Tl] 


REMOTE FIW EDGE OR CORNER I 


d* 

w(i+M)r 

l‘ 


h E lo 9 (^-ls(^] 


'/z ff RAD.n 


.SEALING COMPOUNO 


TRANSVERSE 
EXPANSION AND 
CONTRACTION 
JOINT. 


0 

t 



3 a 

A 



. \ . 


Vh' 


FERRULE/ - 
(METAL OR 

Waxed n 
cardboard) 
J f DlA. WlCrtG 

h — 1 2* 


DOWEL TREAIBDI I 
TO prevent! dowelbonoed 


34 ff M.S.D0WEL 
BARS, 2FT. LONG 


[' BON DING WlTHVwiTH CONCRETE' 

CONCRETE ^Jk"ft ES , L1ENT JOINT-FILLER 
- fa "SPACE * PERFORATED TO TAKE DOWELS 


^RAD.^^/^BJTUMEN FILLER 



DITTO BUTIN 
EACH OF TWO LAYERS. 


FOR ADVERSE CONDITIONS 
(«. 4. HEAVY DOCK ^TRAFFIC 
ON POOR SOIL) 

-4: j2*slab. 

*♦ traffic:- 

LIGHT =■ r^SOO TONS PER DAY 
MEDIUM* 500 ID 5000 « * 
HEAVY » spoo TOlPpOO « * 
^°°° * * 


IFHICH-YIELD-STRE5S STEEL IS USED, WT. OF REINFORCEMENT- 
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CYLINDRICAL TANKS AND WATER TOWERS. 

Walls of Cylindrical Tanks. 

Example. — To determine the bending moments and tensions in the wall of a cylindrical 
water tank 20 ft. in diameter, 30 ft. deep, with walls 10 in. thick at bottom. Thus D « 20 ft. ; 

H = 30 it.\d = 0-83 ft.; w — 62*4 lb. per cu. ft. — ^ . 1-5 ; = 36; therefore 

D 20 a a. 0*83 

from Table 97, F = 0*003; #1 — 0*20; K t = 0*85. 

The bending moment (vertical) at A is 0*003 X 62*4 x 30 8 = 5050 ft. -lb. 

Position of point of maximum circumferential tension: L = 0*20 x 30 «6 ft. from 
bottom. 

Maximum circumferential tension == 0*5 x 62*4 x 30 x 20 x 0*85 = 15,900 lb. per ft. 
height. 

Note . — If the bottom is suspended, and monolithic with the wall, deformation of the 
bottom slab may produce in the wall bending moments (vertical) which must be combined 
with those due to restraint at the base of the wall. Similarly, the bending moments and 
shearing forces due to this restraint affect the resultant moments and tensions in the bottom. 

Bottoms and Roofs of Cylindrical Elevated Tanks. 




Designs for the bottoms of elevated cylindrical tanks are given in the diagrams above 
and in Table 97. 

With Beams. — At (a) each beam spans between opposite columns and carries one-quarter 
of the load of the bottom of the tank. The remaining half of the load and the weight of the 
wall and the load from the roof are transferred to the columns through the wall. In the 
arrangement shown at ( b ), each length of beam between columns carries the load on the shaded 
area, and the remainder of the load on the floor of the tank and the weight of the walls and the 
load from the roof are equally divided between the eight cantilevered lengths of the beams. 
An alternative to this design is for the columns to be placed almost under the wall, in which 
case the cantilevers are unnecessary but secondary beams may be required. 

Domed Bottoms. — For a tank of large diameter a domed bottom and roof of either of 
the types shown in Table 97 are more economical, and although the shuttering is much more 
costly the saving in concrete and reinforcement compared with beam-and-slab construction 
may be considerable. The ring-beams marked R in the case of a simple domed bottom or roof 
resist the horizontal component of the thrust from the domes, and the thicknesses of the domes 
are determined by the magnitude of this thrust. The working compressive stress m the roof 
dome should be low, say 20 per cent, of the ordinary safe stress, in order to allow ample 
margin for local increases due to incidental concentrated loads and for irregular distribution 
of the imposed load. For the bottom dome, where the uniform distribution of the load is more 
assured, a higher stress can be used, and about | per cent, to 1 per cent, of reinforcement should 
be provided in each direction. The shearing stress around the periphery of the dome should 
also be calculated and sufficient thickness of concrete provided to resist the shearing forces. 
Expressions for the thrust and vertical shearing force around the edge of the dome and the 
resultant circumferential tension in the ring beams are given in Table 97. Domes can also be 
analysed by the method described in Table 91. 

The bottom comprising a central dome and an outer conical part (called an Intze tank) 
illustrated at the bottom of Table 97 is economical for the largest tanks. The outward thrust 
from the top of the conical part is resisted by the ring beams S, and the difference between 
the inward thrust from the bottom of the conical part and the outward thrust from the domed 
part is resisted by the ring beam A v Expressions for the forces are given in Table 97. The 
proportions of the conical and domed parts can be arranged so that the resultant horizontal 
thrust on A t is zero. Suitable proportions for bottoms of this type are given in Table 97, 
and the volume for a tank of diameter D 0 with these proportions is 0*585^0*. The wall of 

(Continued on page 318.) 



CYLINDRICAL TANKS AND WATER TOWERS.— TABLE 97. 


MINIMUM THICKNESS OF WALL * d IN. 


te ns i on in wa ll ( LBPeR rr.)-ipD -iujhD 

DUE TO INTERNAL PRESSURE. ^ t H ,.Un 

p lb. Pra sa pt. A*- X - |£ - 

*MtNIMUM THICKNESS OP WALL *■ d IN. • f Jr- — BIzlLI 

Pst J 

DIRECT COMPRESSION IN WALL OF UNDERGROUND OK SUBMERGED TANK. 

L- jf&Tssssa' *»— U ” T ° 

SENDING MOMENT DUE TO RESTRAINT AT BASE OF WALL. 
I r\ ICV. f Tu a MAX - CIRCUMFERENTIAL TENSION 

l\ Egd , ~4 wh dk*lb, 


O - DIAMETER OF TANK(Fl) 
UJ- WT. OF LIQUID CONTENTS 
(LB. PERCU.FT) 

h - DEPTH OF LIQUID (FT.) 

PJ PA - PERMISSIBLE TENSILE . 
•SfcVCt/ STRESS IN STEEL^PNCKEI^ 
LB. PER SQ. IN. 

D * INTERNAL PRESSURE AT h. 
r (LB. PER SQ.FT.) 

P« -’EK.TE ANAL PRE SSURB 
C (LB. PER SQ.FT.) 

H *• DEPTH OF TAN R (PT.) 

- DEPTH OF WATEFv 
d* * THICKNESS OF WALL 

AT A (ft.) 

I F CONTENTS ARE DRY OAANULAR 
MATERIALS SUBSTITUTE tUk*. 
FOR Ul WHERE , . §|N e 

K ‘“ TTVin - © 

Q-* ANQLE OF INTERNAL FRICTION 



WEIGHT OF CONTENTS ABOVE DOME INCLUDING WEIGHT OFDOME. 
« « * i CONE •» « « CONE. 


F 3= ttd 0 ( lB PERFT ' ) 

P z * F 2 Cot ^ (LB. PER FT.) 
P 8 ar F^cofc (LB.PER Ft) 

^1 (ideal CASES 
Ti P ‘ * 

CIRCUMFERENTIAL TENSION 
IN BEAM AT A, 


•• WALL, ETC.;, AND ALL LOAD 5 ON ROOF INCLUDING WEIGHT OF ROOF, ETC . 


Notes. — * For design of slabs forming walls of containers in direct tension, see also Table 74. 
** For angles of friction, see Table 11 . 
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CYLINDRICAL TANKS AND WATER TOWERS 
(continued from page 316). 

Domed Bottoms (cont.) 

the cylindrical part of the tank should be designed as described previously, account being taken 
of the vertical bending at the base of the wall and the effect of this bending on the conical part. 
The floor of a tank must be designed to resist, in addition to the forces and bending moments 
already described, any direct tension due to the vertical bending of the wall. 

Example . — Determine the principal forces in the bottom of a cylindrical tank of the 
Intze type, if D 0 ==40 ft.; D = 25 ft.; </> = 48 deg.; 6 *=* 40 deg.; W x « 582,000 lb.; 
W t bs 639,000 lb.; and W % — 296,000 lb. 

From Table 10; cosec 9 ** -^-5 = i*55i cot 9 = 1*192; cot ^ = 0-900. 
sin 0 


From Table 97. 

Vertical shearing force along periphery of dome: F x — “ 74°° lb. per ft. 

3-14 x 25 

Thrust at periphery of dome: T x — 7400 x 1-55 = n.45° lb- P er ft- 

The values of F x and T x determine the thickness of the dome at the springing. 

Outward horizontal thrust from dome on ring beam B: P x = 7400 x 1-192 = 8820 lb. per ft. 
Shearing force along inner periphery of conical portion: 

_ 639,000 + 296,000 ,, 

p =* - 2 Z± ±.~ 3 L± = 11 900 lb. per ft. 

* 3-14 x 25 

Inward thrust on ring beam B from conical part: P 9 = 11,900 x 0-900 = 10,700 lb. per ft. 
Resultant circumferential force in ring beam B = 0-5 X 25(8820 — 10,700) — 23,5001b. (com- 
pression). 

(If P x exceeds P v the circumferential force is tensile; the ideal case is for P x and P % to be 
equal, thereby producing zero force in B — see note below.) 

Shearing force along outer periphery of conical part: F z — ~ = 2 35° lb - P er ft- 

Outward thrust on ring beam at top of conical part: P 8 = 2350 x 0-900 = 2120 lb. per ft. 
Circumferential tension in beam at top of conical section = 0-5 x 40 x 2120 = 42,400 lb. 
The vertical wall must be reinforced for circumferential tension due to the horizontal pressure 
of water: tension = 0-5 x 62-4 D^h lb. The conical part must be reinforced to resist a circum- 
ferential tension, and the reinforcement can be either distributed throughout the height of the 
conical part or concentrated in the ring beams at the top and bottom. 

Note . — In Intze tanks of large diameter the width of the ring beam B may be considerable, 
in which case the weight of water immediately above the beam should not be considered as 
contributing to the forces on the dome and conical part. With a wide beam, W x is the weight 
of the contents over the net area of the dome and d is the internal diameter of ring beam ; 
W % is the weight of the contents over the net area of the conical part and d for use with W t 
is the external diameter of ring beam. If this adjustment is made for a ring beam of reasonable 
width in the above example P x would more nearly balance P a . 

Columns Supporting Elevated Tanks.— -The thrust and tension produced in columns 
due to wind forces on a tank supported by the column can be calculated for a group of four 
columns as follows. If the total wind moment is Mw ft.-lb. and the distance apart of columns 
is D ft., when the wind blows normal to the dimension D, the thrust on each column on the 

leeward side and the tension in each column on the windward side — lb. When the 

wind blows normal to a diagonal at the group, the thrust on the leeward corner column and 

ML \y 

the tension in the windward corner column = — 7 = lb. 

DV 2 

For any other number of columns, the force in any column can be calculated from the 
equivalent moment of inertia of the group. For example, consider a wind moment of Mw 
due to the wind blowing normal to the axis NN of the group of eight columns shown at (c) 
in the diagram on page 316. , __ 

Moment of inertia of the group about NN » [2 x (0-5!)) *] -f [4 X (0-353.0) *] = i-oO . 

, . . Mw X o -50 Mw 

Thrust on the extreme leeward column — — tJoD * — ~ ~2D’ 

The forces on each of the other columns can be determined similarly, substituting the 
appropriate " arm " for 0-5 O. 



WALLS OF RECTANGULAR CONTAINERS. — TABLE 98. 


BENDING MOMENTS AND ABACTIONS IN WALLS SPANNING HORIZONTALLY 
AND SUBJECTED TO HORIZONTAL PRESSURE OF INTENSITY P. 


FORM OF 
CONTAINER 


BENDING MOMENTS. 


BENDING MOMENT COEFFICIENTS k 


REACTION 

FORMUL/C 




-5-1 

B 

D 


PfOSSM l,g LjU 9.J8 6-86 4-92 


I * M| “ ?2( P d!^b)~^ I0-I 10-8 I? I4--2 22-6 97 60* ** ~*i 


I9-2&5-4 12 9-15 6-2 4-56j5-5 


11-2 11-5 12 12-75 14-1 18 


18-2 15-1 12 9-5 6-55 4-5 






12 15-6 19-2 42-9 
9-68 6-86 


- 22-2 12 7-8 4-8 5-5 2-67 


p PB Mt-Ms 

•5 11-66 12 12-55 15-95 16-4 19-2 K » ? + "B 



bbhb 

■nil 



9-89 7-09 5-12 4-17 


5-25 2-6 



11-411-61 12 H2-6 14 11 16-71(20 


14-5 12 9-68 6-86 4-92 


80 20 12 81. 512 5-5 


For example of use of this table, see page 322. 
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DESIGN OF BUNKER WITH PYRAMIDAL HOPPER BOTTOM. 


DIMENSIONS OF BUNKER. IS FT. SQUARE. 1 2 FT. PEEP TO TOP OF HOPPER SLOPES. 

CONTENTS:- DRY COALi txl a 50 LB. /CU. FT. 0*35°. k 2 *0-27 [PER TABLE®] 

DESIGN COMcM TI 1 1 2 :4 ORDINARY GRADE . p cfe * 1000 LB./SQ.1N. [PER TABLE ®] 

MILD STEEL REINFORCEMENT. p gk * 16,000 ■ « * 

OATA COVER : i IN. GENERALLY. I IN. ON WEARING SURFACES. 

CONSIDER 4f-lN. N0N-STRUCTURALTH1CKNESS TO ALLOW FOR WEAR. 

DESIGN FACTORS (m* 15). 19* D, *0*455$ a,*0-848; 9 C »183 [PER TABLE©] 

WALLS UNSUPPORTED k RATIO OF EFFECTIVE SPANS * ,5 ‘M2*5 “ 1*24 

VERT SPAN • -» A B.M.C0EFFIC1ENTS [PORTABLE ®] 5 $,m.) 

(, £4^3 VERTICAL SPAN.- AT BOTTOM*. 0-060 , 

d,*3f O , * * ZA HORIZONTAL SPAN.- AT CORNERS*. 0*035 e'tle'JV.ue 

3 41 f tK.t,' > O \ EFFECTIVE 

■^*0*85x34 AT mid-span: 0*022 thicknes: 

-3*2" Fpf ^p* 0*27X50X12*5 ft 170 LB./ SQ.FT. 


5 IN. WALLS 
(MIN.) 

4^ IN. 

effective 

THICKNESS 


HORIX.SPAN 
AT MIO-SPAN 

d.-Ji" 

Vs" 

AT CORNERS 

£-0-86*3* 
- 2-6 " 


HOPPF-R 

BOTTOM 


cont. 2 

VERTICAL SPAN. - M - O* 03x 170 * 12-5 Z X 12 *■ 15,550 IN.-LB./FT. 

[PERTABLE @ 44. IN. SLAB AMPLE] 

A.l* — « 0* 277 SO IN/FT. PERTABLE© 
46 18,000X3*2 

HORIZONTAL SPAN.- AT CORNERS: M * 0*035 X170X 1 5-5 2 x 12 - 17,150 lNrLB/FT. 

AT X* 0-5 [TABLE : p K *0-2 7 * 50x(0*5xl2-5)»85Utf 

Nd85xf ^G37LB./FT. , * n 

[PERTABLE ®] e - SglZ. = 2 7 «N.*, e 5 = 2 7 ~ | - ZSj[,H. 

A *-i6S>[' + -^r-] ** °- 5SS <’’ N - 

AT MID- SPAN.* M * 0-022 X 170 x!5-5 1 *I2* 10,750 IN:LB./FT. 

e I7IH.J e s =l7-^+l = 15$ m. 




APPROX FOR ! 
ALL SECTIONS 

d|-3*- I 


|[F0Rmul/EPer 1L» B * 15 FT. a » b » I • 5 FT. H » 12FT. E -7*5 FT. 

|[TA8L£® J by SCALE (OR CALCULATION): d =• lO FT. 

SIN © — — 0*75 COS 0 « ~I ~ 5~ g= O'CalS 

DIAMETER OF INSCRIBED CIRCLE (BY SCALE): D -8FT. D,»B 5 FT. 

15 FT. S* 4*5 FT. ^-3-SFT. fcJ s « G3 LB./sd.FT. 

10, *• WT. OF BOTTOM BELOW C - 8,500 LB. APPROX. 
w 2~ WT OF ENTIRE BOT TOM «. 2 2,500 “ « 

W « 50 [^(l*5 2 -H5 2 +Jl5 a -H*5 4 )+C'^Xl2)]+22,500a 186,750 LB. 
VVj * 50 [4jr (l*5 2 + 9*5% Js -5*+ 1 •5 4 >(95 2 aI 5)]+ 8,500 * 93,650 LB, 
p n a 50x15 [(0-27X0-75 2 ) t 0-675^[ + (G3 x0'G75) ** 500 LS./S<R.FT. 
M (at ALL CRITICAL SECTIONS) « 0*375 X 500* 8 2 * 1 2,0 00 IN.- LB. /FT. 
HEGLECTING DIRECT TENSION, 4*fc IN, SLAB IS AMPLE [TABLE ©] 
HORIZONTAL REINFORCEMENT. N s 0'5 X 500X0*75 X9-5 m 1775 LB / FT. 

e«$s|2. -«*■«. 


I BARS AT 6 c jc 
VERTICALLY 
AT INNER 
FACE 


t BARS AT Crffc. 
HORIZONTALLY 
AT MID-HEIGHT 
AT INNER FACE 
AT CORNERS 

i^BARS AT 6% 
HORIZONTALLY 
AT MID-HEIGHT 
ATOUTeRFACE 
AT MID-SPAN 


S*SLAB 

(MIN) 

4^ "effective 
THICKNESS 


A sr [14 ^] = 0*28 W.IN./FT. 

LONGITUDINAL(lNCUNED) reinforcement. 

AT CENTRE OF SIDE : N “^^ffzxTS “ 3300LB./FT. 

e-- g- « 3 s /aiN e 5 a3|-^+1*2|iN. 

A^g" jQooo £ *** "Tj ** 0*33 SS.1N./FT. 

AT TOP OF SLOPE i N »4l60LB./FT. 


^ * , 2xo- 1 75 5 x2xt5 


* 4150 LB./FT. 

e s * 5-^+1 


+ l» l|lN. 


A*- - 0‘3GS SQ.1N./FT. 


BEAM AT 
TOP OF SLOPE 


W + WEIGHT OF WALLS.-* 240,000 LB. APPROX. ([TOTAL) 

Load pea beam «£x24 o.ooo* go,ooolb. 

A»t* s ffi ff f o « O‘033S<R.1N* 


2* BARS AT 8%: 
HORIZONTALLY 


4 BARS AT <*% 
ALONG SLOPE 
ATOUTERFACE 

VaARSATG<5fc 
AT TOPOF 
SLOPE 


2 -jWs 




HOPPER BOTTOMS; BOX CULVERTS. — TABLE 99. 



GJ * WT. PER CU.PT. OP PILUNQ. 
tUj* WT. OP SLAB PER SO. PT. 

INTENSITY OP PRESSURE NORMAL Tfc SLAB i 

U>h (K^SlN^O, + C05*©J + <*) a COS dj 

w, - uj£(ab + lD ( + Jab.lDi)+ lqh] + Ul 
W = top|^>b + LB+Jab.LB ) + U6nj+U3t 

CO I * WT. OP BOTTOM BELOW LEVEL. OF C. . 

(J 2 = WT. OP COMPLETE BOTTOM. 

E DETERMINATION OF HORIZONTAL BARS 
AT MIDSPAN AND CORNERS; 

B.M. * 0'375p n D 2 IN.-IB. PER FT. 
DIRECT TENSION* O‘5p n lsiN0| LB. PER FT. 

T DETERMINATION OP LONOlTUOjNAL EARS 

AT CENTRE OF SLOPE : * . 

B.M. *0*375 |N. LB. PER FT. 


D| DIRECT TENSION 

I AT TOP OF slope: 
— L R.M.e 0*37Sfc 


W\ | 

2 sin ©Cl+D,) I 


B.M.* 0*375p n D 4 |N.-LB.PERFT. 
D.RECT TENSION- ^Q^Jg^oOT 

VERTICAL HANOINO-UP FORCE AT BASE OP WALLS 

= 16. PER FT. 

i(L+6) 


BENDING MOMENTS AT CORNER5. 

Mg) MO “ M C 

ka T“® 3 

Loads and bending moments are 

PER FOOT LENGTH OF CULVERT. 


dht 8 


H-h+dh 


CONCENTRATED 
LOAD 
ON ROOF 


UNIFORMLY- 

DISTRIBUTED 

LOAD 


W PEP.FT. length 

OF CULVERT, 

-Ws TOTAL 
UPWARD 



B.M. 

OIAORAMS 


M - VVL 
M A = —77 T 


IllCk +3Xk+Q 


Uf PER FT . 2 



m a -m 0 - - 



Lf PER FT 2 


M V, 
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RECTANGULAR CONTAINER. 

Example. — A single rectangular container, the inside dimensions of which are 12 ft. 9 in. 
by 10 ft. 6 in., is subject to a uniform horizontal pressure of 200 lb. per sq. ft. at a certain depth. 
Find the maximum bending moments and direct tensions at this depth, assuming that the 
walls span horizontally. 

Assume the walls are 6 in. thick; effective spans = 13 ft. 3 in. and 11 ft.; hence 
T> 5=8 iW 12 ' * rom T<zble 98, k — 9*7 (approx.). 

. * jr PD* 200 x 11* „ 


Bending moment at comers = M x ■■ 


= 2500 ft.-lb. 


Free bending moment on D = 5 

O 

Deduct bending moment at corner 
Positive bending moment at mid-span of D 
Free bending moment on B = — ° ■ X -- 1 . ? - 2 5 


Deduct bending moment at corner 


= 3025 
= 2500 

= 525 

= 4390 
— 2500 

= 1890 


Positive bending moment at mid-span of B = 1890 ,, 

JPB 

Direct tension in short side = — = 0*5 x 200 x 12*75 = 1275 lb. per ft. 


Direct tension in long side = — = 0*5 x 200 x 10*5 = 1050 lb. per ft. 

The bending moments and direct tensions are combined as described in Table 89. 

RETAINING WALLS. 

Examples. — See pages 356 to 358 (Appendix II) for examples of designs of retaining walls. 

Sheet-pile Wall. 

Prepare a preliminary design for a simple cantilevered sheet-pile wall 12 ft. high; 
angle of internal friction of earth ==35 deg. No surcharge. 

H = 12 ft.; 0 = 35 deg.; w — 100 lb. per cu. ft. Hence k x — 1*4; A,' = i*o. 
Embedded length of pile = i*o x 12 — 12 ft. Total length of pile = 12 + 12 = 24 ft. 
Span of sheet -pile for calculating bending moment — L — 1*4 x 12 = 16*8 ft. 

Total active pressure on back of wall on height L(= 16*8 ft.) = k t x 100 x i6*8 2 x 0*5; 
k t = 0*27 from Table 11; therefore the total pressure = 3810 lb. The bending moment 
= 3810 x 0*33 x i6*8 x 12 = 256,000 in. -lb. per ft. width, that is, 21,333 in. -lb. per inch, 
which from Table 70A with equal areas of steel in tension and compression and with maximum 

stresses of 18,000 lb. per sq. in. and 1000 lb. per sq. in. d ± — j — = 6*3 in.; with 

A/ 5°7 

not less than i^-in. cover, the thickness of pile required is about 9 in., l a is about 6 in., and 

21 003 ^ I C 

the reinforcement required in a pile 15 in. wide is approximately ^ = 2*97 sq. in., 

say a total of six i$-in. bars (three bars on each face). 

CHIMNEYS. 

The factors and formulae given in the table below enable the approximate thickness of 
the shaft and the amount of reinforcement therein to be determined to a degree of accuracy 
sufficient for preliminary designs; the stresses in a final design should be checked by more 
exact methods. 


DIMENSIONS OF CHIMNEY SHAFTS (fo* pbcuminary designs). 


MEAN AADHJS OF SHAFT ON.) 


TOTAL AA6A OP VERTICAL STEEL 



000 

GOO 

GOO 

400 

no 00 

14000 

IG 000 

16 000 

G 408 

7551 

8685 

8 GOO 

7 77G 

8990 

10130 

9688 


3 409 

28G7 

1376 

1374 

1410 

1 4td 

91! 


d “f& + OK ,N - 

M * 5 ENDING MOMgNT(tN.-LB.) 






























SHEET-PILE RETAINING WALLS CANTILEVERED RETAINING WALLS | TYPES OF RETAINING tyAlLS 



ANCLE OP 

CONDITION 

AT A 


FMCTIOH 

FRC 

c 

HlNfiCD 

FIXED 

CFOUNO 

k! 

k* 

ki Ki, 

k! kl 

20° 

2*0 

2*0 

1*23 1-23 

(•II Ml 

30° 

1-5 

1-3 

hOQ 0-86 

1*07 0*67 

35° 

1*4 

1*0 

1-07 0*67 

t*OG OQ >6 

45° 

1*5 

0-6 

|»0<2> 0* 5 Co 

1*05 0-55 


SPAN OF SHEET PILES! 
CALCULATION OFB.M? 


MINIMUM EM66ODE0 
LENGTH OF SH&ETW^S 

et b ak„H 


PAGE ■ SIMPLE CANTILEVERED WALL. 

PIKEO - TIE BELOW TOP OF WALL, 

TaSulATSD VaI ASSUMb't* AES SUAE S TA! ANGULARLY DISTRIBUTED 

AND AAE APPLICABLE TO PRELIM IN AAV DESIGNS. 

FOA FINAL DESIGNS ACTUAL CONDITIONS SHOULD BE CONSIDERED. 



30 DEG. 

35 DEG. 

HE3ES8 




O 

U» 

0 

0 *4-8 

0 

O 


0 •££ 

0 *50 

■ 

0 *72 

O 

0 

0 

00 

.tx 

0 • 7 ® 

O • 69 

0 

CO 

-1 

0*83 

0*76 


* See Table xoi for calculation of bending moments. 

•* See Tables u, 12 and 13 for calculation of earth pressures on walls. 
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SHOES AND INTERLOCKS 


TABLE 101.— SIMPLE SHEET-PILE RETAINING WALLS. 



* INCREASE OF PASSIVE RESISTANCE PER FOOT DEPTH. 

*P 

b * « * ACTIVE PRESSURE « * » 


FOR PRELIMINARY DESfflNi- 

MAX. B.M. ON SHEET-PILE 


P,= ^(2h'+L) 


CAST-INS ITU 
.CAPPING 


PRECAST SHEET- PILES 


* ACTIVE PRESSURE 
DUE TO RETAINED 
EARTH AND SURCHARGE 

POSITION OF CENTROID 
OP TRAPEZIUM A BCD 


P^b PASSIVE PRESSURE 
ON FRONT OF WALL 


-ftM 


APPROXIMATE 

distribution 

OF PRESSURE 
FOR CHECKINS 
A DESIGN 


PASSIVE PRESSURE 
ON BACK OF WALL 


ZJ 


VARIATION OF PRESSURE 


Pph- 


FORMULA FOR CHECKING A DESIGN 

SUBSTITUTE KNOWN VALUES OF H, h AND h IN 

p ( H+ h' + h) s -p hsM rMiZZT 
J Y? (Pp-PaX H+ h + 2h j 

TO GIVE AN EXPRESSION IN THE FORM* 


NOTE 

FORMULA APPLICABLE 
ONLY IF TYPE AND 
CONDITION OF SOIL IS 
THE SAME IN FRONT 
OF AND BEHIND WALL* 


IN WHICH N m N 3 , AND N s ARE NUMERICAL FACTORS', CALCULATE 

a » ( n 5 -n 2 ); b-ftVNtNs-aNsNA} c =(N?N.- n,n b ) 

SUBSTITUTE IK 1 [J fa 2 - Z - bj 

COMPARE CALCULATED VALUE OF ~ WITH PROBABLE VALUE WITH A FACTOR OF SAFETY 










TH TIES AT OR NEAR TOP 


SHEET-PILE RETAINING WALLS WITH TIES.— TABLE 102. 


SHEET- PILE WALL 
WITH TIE AT TOP 

FOR stability: 

f sS*>P«3 

* FACTOR OF SAFETY 
(-SAY, it) 


» 'TOTAL ACTIVE PRESSURE ON BACK OFVALL 
(REPRESENTED BY AREA OP TRAPEZIUM 
ABCD K pj 


SWBCHARttl. 


ANCHOR 

(m CONCRETE BLOCK 
R.C. PLATE ORWALI 
OR PILE.) 


TO PREVENT SPEWING 
IN FRONT OF WALL: 

h-i PtU 
^ U) 

p - INTENSITY OF 
luS VERTICAL PRESSUfc 
IN GROUND AT 
LEVEL OF E 
DUE TO WEIGHT 
OF EARTH AND 
SURCHARGE 
U/- WEIGHT OF 
SOIL (UNIT VOL.) 

k-= PRESSURE 
FACTOR* 


\ 0 « ANGLE OF 
—^5 ^ . 1 NTERNAL FRICTIOH 

= S * =3 T i OF SOIL 

TS / fc 


<45»- e) 


Z TIE 

(« R C.TIE 
ORM S.BAR WRAPPEO 
i N BITUMENI5ED 
ftLi ERNATIVE HESSIAN.) 
METHODS OF 
DETERMINING 
POSITION 
anchofCT" 


formula apply only to 

PRELIMINARY OESIGNS AND 
ONLY IF TYPE AND CONDITION 
OF SOIL IS THE SAME IN 
FRONT OF AND BEHIND THE WALL. 


SHEET- PILE WALL WITH TIE BE LOW TOP . 

1"* T,VE .1=1 Pa 

PRESSURE ON AF ^ Tz 



* See Table n for values of A a . 
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COMBINED FOUNDATIONS. 


Combined Bases (Strip Bases). — When more than one column or load is carried on 
a single base the centre of gravity of the several loads should, if possible, coincide with the 
centre of the area of the base, in which case the pressure under the base is uniformly distnbuted. 
The base should be symmetrically disposed about the line of the loads and may be rectangular 
in plan as in Table 105, trapezoidal as in Table 105 or at (1) in the upper part of Table 103, 
or made up of a series of rectangles as at (li) in Table 103. In the last case each rectangle 
should be proportioned so that the load upon it acts at the centre of its area, and the area 
of each rectangle should be equal to the corresponding applied load divided by a safe bearing 
pressure, the value adopted for this pressure being the same for all the rectangles. 

If it is not practicable to proportion the bases as described the load will be eccentric, 
and thus the centre of pressure of the upward ground pressure will have the same eccentricity 
relative to the centre of the area of the base. If the base is so thick that it may be considered 
to act as a single rigid member, the ground pressure will vary according to the formulae for 
eccentric loads given in Table 104, and the pressure-distribution diagram is as at (iii) in 
Table 103. If the base is comparatively thin this distribution may not be realised, and 
owing to the flexibility of the base the ground pressure may be greater immediately under 
the loads, giving a pressure-distribution as at (iv) in Table 103. 

In the case of uniform distribution, or uniform variation of distribution, of pressure 
the longitudinal bending moment on the base at any section is the sum of anti-clockwise 
moments of each load to the left of the section minus the clockwise moment of the upward 
pressure between the section and the left-hand end of the base. This method of analysis 
gives larger values for longitudinal bending moments on the base than if a non-linear variation 
is assumed, and therefore the assumption of linear distribution on which the formulae m 
Table 105 (concentric load) and on page 330 and in Table 105 (eccentric load) are based, is safe. 

Balanced Bases.— Referring to the diagrams in the upper right-hand corner of Table 103, 
a column is supported on the overhanging end C of the beam BC at (1) which is supported 
on a base at A and subjected to a counterbalance at B. The reaction at A, which depends 
on the relative values of BC and BA, can be provided by an ordinary reinforced concrete 
or plain concrete base designed for a concentric load. The counterbalance can mostly be 
provided by the load from another column as at (11), in which case the dead load on this column 
at B should be sufficient to counterbalance the dead and live loads on the column at C, and 
vice versa, with a sufficient margin of safety. It is often possible to arrange the column B 
immediately over A t . Formulae giving the values of the reactions at A and K x are given in 
Table 105, but the notes on the page facing the table should be observed. From the reactions 
the shearing forces and bending moments on the beam can be calculated. 

If no column loads can be conveniently brought into service to counterbalance the 
column at C an anchorage must be provided at B by other means, such as the construction 
of a plain concrete counterweight as at (iii) or the provision of tension piles. 

If the column to be supported is a corner column loading the foundation eccentrically m 
two directions, one parallel to each building line, it is sometimes possible to introduce a diagonal 
balancing beam which is anchored by the adjacent internal column D as at (iv) In other 
cases, however, the two wall beams meeting at the column can be designed as balancing 
beams to overcome the double eccentricity. The bending moment due to the cantilever 
action in the beam EC is equal to W E e x , where W E is the column load, and the upward force 


Similarly the bending moment m beam EF is W E e a and the upward 
W E e t 


on column C is 7 — 

L x - e x 

force on column F is r 

L a e a 

Rafts. — The load on and the spacing of the columns determine the shearing forces and 
bending moments which in turn determine the thickness of the raft. If this thickness does 
not exceed 12 in. a solid slab as at (i) in the lower part of Table 103 is generally the most 
convenient form. If a slab at ground level is required, it is nearly always necessary to thicken 
the slab at the edge, as at (ii), to ensure that the edge of the raft is deep enough below the 
ground to avoid weathering of the ground under the raft. If a greater thickness is required 
beam-and-slab construction, designed as an inverted floor, as at (ni), is more economical. 
In cases where the total depth required exceeds 3 ft., or where a level top surface is required, 
cellular construction as at (iv), consisting of a top and bottom slab with intermediate ribs. 


is used. 

When the columns on a raft are not equally loaded or are not symmetrically arranged, 
the raft should be designed so that the centroid coincides with the centre of gravity of the 
loads. As this gives uniformly-distributed pressure on the ground, the area of the raft is 
equal to the total load (including the weight of the raft) divided by the safe bearing pressure. 
If this coincidence of centres of gravity is impracticable owing to the extent of the raft being 
limited on one or more sides, the plan of the raft should be made so that the eccentricity e w 

( Continued on page 328.) 



FOUNDATIONS: TYPES OF COMBINED BASES.— TABLE 103. 
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COMBINED FOUNDATIONS (continued from page 326). 
of the total loading Wt is a minimum, and this may produce a raft which is not rectangular 
in plan, as in the example illustrated at vi. 

Maximum pressure on the ground (which should not exceed the safe bearing resistance 

and occurs at /) = -2^ 4. where Ar = total area of raft, and Ir — moment of 

^ JR ^ R 

inertia about the axis NN which passes through the centroid of the raft and is normal to 
the line joining the centroid and the centre of gravity of the loads. 


Minimum ground pressure (at g) — 

Ar 1 R 

Intensity of ground pressure along the line NN 1 


W T 

Ar * 


When the three pressures have been determined, the pressure at any other point or the 
mean pressure over any area can be assessed. Having arranged a rational system of beams 
or ribs dividing the slab into suitable panels, as suggested by the dotted lines at (vi), the 
panels of slabs and the beams can be designed for the bending moments and shearing forces 
due to the net upward pressures to which they are subjected. 

SEPARATE BASES (Table 104). 

Examples. — (a) Determine the variation in pressure under a plain concrete foundation 
10 ft. long by 2 ft. thick by 8 ft. wide carrying a load of 100 tons placed 1 ft. eccentrically. 

A „ 8 X 10 X 2 X 140 

Weight of base = 2240" ' 


= 10 tons. Total load = 110 tons. 


Moments about the short side of the base = (10 x 5) + (100 x 4) = 450 ft. -tons. 

0*91 ft.. 


Eccentricity = — — = 0-91 ft. Since ~ = ^ = 1-67 ft. and e 

J 2 no 6 6' 


e < -. Thus k 
o 


/ , 6 X o-9i\ 

= v 1 ± — iz — ) = 1,545 or °’ 455 ‘ 


Maximum ground pressure = 


Minimum ground pressure = 


i*545 X no 
10 x 8 

— °*455 X no 


2-13 tons per sq. ft. 
= 0-625 ton .» >* 


10 X 8 

(b) Determine the ground pressure in (a) if the load is 2 ft. eccentric. 

Moments about the short side of the base = (10 x 5) 4 - (100 x 3) = 350 ft. -tons. 

4 

= 2-09. 


Eccentricity = 5 — =1-82 ft.; 


Thus k = 


>(■ - 


(This condition is not advisable.) 


Maximum ground pressure = - 1 *° =2-89 tons per sq ft. 

(c) Design a base for a reinforced concrete column 15-in. square carrying a concentric 
load of 120,000 lb.; ground pressure not to exceed 3000 lb. per sq. ft. Permissible stresses 
18,000 lb. and 1000 lb. per sq. in. Q c = 193 (Table 68). 

Assume Wr = 4000 lb. A < / * jjcroo ° = 6 4 say ' 6 ft * 6 in * s< l uare ' 


Pntt '■ 


120,000 

~6^r- 


= 2840 lb. per sq. ft. Mxx 


Make B = 18 in.; d < 

If Dc *= 0-25 ft., d = 18 — 3 s= 15 in.; A,% = 


/l 24 ,C 

V 3°° 
M X x -- 
/ 63,500 
193 X i-5 


2840 x 6-5 
~~ 8 


(6-5 — 1-25)* = 63,500 ft.-lb. 


14-8 in., say. Dr = iS in. 


12 x 63,500 


= 3-21 sq. in. 


$ X 15 X 18,000 
Provide twelve f-in. bars (Table 60) in each layer. 

If the base is tapered from 18 in. at the column to Dy = 6 in. at the edge, and 
F = 1-25 + 2(1-5 — 0-25) = 3-75 ft. 


d x > 


r(P B - Dy)(A ~ F) 


4- T>v — Dc 


A-~B 

Check for shearing resistance: Q 


= 12 
2840 


[ i*o X 2*75 , “1 

— 4. 0-5 — o-25J = 10 in. approx. 

(6-5* — 375*) = 533° lb. per ft. approx. 




5330 


10*5 x 100 


4 X 375 

5*i in., which is less than d x provided (10 in.). 



FOUNDATIONS: PRESSURES AND INDEPENDENT BASES. — TABLE 104. 



TYPE OF GROUND 


BiBlBMlgl 


5a 

at 


|| 



INTENSITY OF PRES5UR6 (lB.PER. Sfi^.FT.) p = 


CONCENTRIC LO AO 

e = o w 


ECCENTRIC LOAD 


e >-£- k- 1±4® 


A* LENGTH OF FOUNDATION (FT.) 
B* WIDTH OF FOUNDATION (FT.) 

W* TOTAL LOA0 ON FOUNDATION 

INCLUDING WEIGHT OF BASE (LB.) 

> . A 4A 

5 e >tt k= 3(5^ 

V— | — l-e-iw 



Notes. — See Tables n and 12 for values of k t and C. 
For notation and units, see Table 105 . 
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COMBINED BASES. 

Strip Base Supporting Several Loads Arranged Eccentrically. — 

ZWz L L 
6 EW 2*6' 



Calculate pmin, and pmax. from formula 
in Table 104. 

Px = ^ — j^-^jipmax. ~ pmin.) + Pmin. 
Mxx = ZWX - ^(2pmaz. + p z )C. 


Example . — Find the bending moment at the position of load XV 9 on a base 50 ft. long 
and 5 ft. wide, carrying five unequal point loads as shown in the diagram. The loads (in tons) 
are W t = 50, W % — 45, XV 9 — 40, W A — 35, and W 6 = 30; the distances (in feet) are z x = 45, 

** "■ 37> = 28, z A = 18, and z s = 5. Thus EXV = 200 and 

LWz = (50 x 45) + (45 X 37) + (40 X 28) 4- (35 X 18) + (30 X 5) - 5815. 

Therefore e — ~ = 4*075 ft., which is less than ~( = 8$ ft.). Thus 

200 2 T ’ 6 


k = 1 ± 


Maximum pressure: p max . = 
Minimum pressure: pmin, = 


50 

1* 489 X 2C 

"50x5 

0*511 X 2C 

50 x~5~ 


= 1*489 or 0*511. 

= 1*19 tons per sq. ft. 
— 0*41 ton ,, ,, 


At the load W 9 , y = 50 — 37 = 13 ft. 


Therefore p x = — — ^(1*19 — 0*41) 4- 0*41 = 0*987 ton per sq ft. 

Also x x = 8, x t — o. Therefore EXVx — XV x x x -f XV 2 x t — 400 + o = 400 ft. -tons. 
12 ® 

Mxx = 4°° 1-(2 x 1*19 + 0-987)5 = 400 — 470 = — 70 ft. -tons. 


Balanced Bases. — The probable variation in loads XV x and W 2 (see diagram in Table 105) 
must be considered for bases of this type. If W x can vary from W x (max.) to W X (min.), and 
XV % from PF,(maz.) to XV^mm.), the reaction R will vary from 

o _ EXV x (max-) 4 .^ o _ ElV^min). 

■K max. ’ to Kmin. — jF • 

Therefore R x and R 2 may have the following values: 

Riimax.) = XV x [max.) + XV B\ 4" Rmax. 4* O'S^L 

Riimin.) = W x ( m <n.) 4- XV B\ 4" Rmin. 4" 0*5^ 

Rt(max.) — XV t (max.) 4- XV b% — Rmin. 4“ 0*5 W z, 

R%(min.) — XV 8 [min.) 4 ~ XV b% — Rmax. 4* °’5 XVl 


Base (1) must therefore be designed for a maximum load of R^max.) and base (2) for R^max.) \ 
but R^min,) must always be positive, and should be sufficiently large to ensure a margin of 
safety in the counterbalance provided by base (2). 

Shearing Forces. — The shearing forces on combined bases, rectangular or trapezoidal 
in plan and carrying two loads, are calculated as for a double-cantilevered beam. For a strip 
base the shearing force can be calculated by using the basic principle that the shearing force 
at any section is the algebraic sum of the vertical forces on one side of the section. 


Longitudinal Bending Moments. — The longitudinal positive bending moment on 
a base carrying two loads can be determined graphically from the two negative bending 
moments under the loads XV t and W t and the “ free " positive bending moment Mx- 


Minimum Depth of Foundation. — The theoretical minimum depth at which a founda- 
tion should be placed can be determined from the formulae in Table 104 transposed to give 

»[f“- i]¥- 


w 



CONCINTRtC IOiND 


FOUNDATIONS: COMBINED BASES.— TABLE 105. 







: Tr±r^ ±z= 

W.+W,4.W. 


- £ 2Cj»c| | **i " ^min. + a'OmaT ^min)» ^a 85, /V* vf***" Pmih) 

Xa ? Cj+cj LONGITUDINAL B.MS. (FT* LB.) TOTAL «- 

Xu- w jL > M » * - §’(. T 0*( 4 p M,»t p, - 3p B ) ro«j05jjM-i 


Uil W|tW 2 M 22 «- f(N , ) 2 (2P MW 4P r 5P b ) C0 K ^dw" U1 

44 G v ' V., 4 ■/ R6CTAN0UUF 

M J t ’*a:-(yVx) r%* + (Pj+PzJ^CL^approx. f BWI - 

— N'-A^LVT? TRAN5VERSE B.MS.(AT EACH LOAD)= - y W,(oRW ^PT.! 


2(W,+W. 


BALANCED BASES 


Cft ** c 2 4 (C-\~ C \) ) C 22= C’ 2 -*-(br4)-^r 

LONCITUOINAL e.MS.(FT.La)TOTAL:- 

M > - ^; + c n ) p HEI r^^ol 


M’ a = “ %^C 2c ' 2 + C‘ m )Pnct R 

X f\2 •“ 

m' k - + c m) p «t 


diagram 

SIMILAR TO 
CONCENTRICALLY 
loaded „ 

RiCT ANGULAR 
BASE 


TRANSVERSE B.Ms. Cli,., , , Ctt. , , 

( FT IRA — *S— W. AT w, ; — “5— W„ AT VV- 


GENERAL CASE OF ANY NUMBER OF LOADS. 


l W "-l |V»H fiM.v 




8.M.AT x r 
* Swoc- Sj- Phet 




^ K-^*«WrSi) 

SMEARING FORCE AT X:- 




UNITS ANO NOTATION LOADS, FORCES, ETC. .. . POUNDS(LB-); PRESSURE^ MOMCNTS,ETC.. . ..FT.eflB. 

’AOOtTIONALTO dimensions, dimensions, etc. in*capitals'... feet (indicated thus A, etc.) 

ETC.ON DIAGRAMS) OtMEMSIONS ETC. INUJWER CASE* LETTERS... .INCHES (iNOICATEO THUS d, ETC) 

W» IMPOSED LOAOfLB. OR LB./FT.) P- SAFE BEARING PRESSURE ON GROUND. P Hfr » ACTUAL NET 

Wy TOTAL WEIGHT Of BASE &ITTO.) Pa* BEARING PRESSURE DUE TO BASE ONLY. UPWARDPRESSUBB 


33i 















332 


REINFORCED CONCRETE DESIGNER'S HANDBOOK 

IMPACT-DRIVEN PILES. 


In calculations for the loads on piles a formula can only give comparative values that 
must be combined with the results of tests and experience when assessing the safe load on 
a pile. 

Example. — Estimate the safe load on a pile 40 ft. long, 14 in. square, driven to gravel by 
a 2-ton single-acting steam hammer dropping 42 in. with 12 blows per inch of final penetration; 
the weight of the helmet, dolly, and stationary part of hammer is £ ton. The dolly is in 
good condition at the end of the driving. The weight of the pile is 

— — 196 = 3$ tons; P = 3$ + £ = 4 tons; - = 1 — 2. 

2240 1 * ’ w 2 


From Table 106: Effective drop = H l 
For medium driving, c = 0*29 for L = 40 ft. 


* 0*90 x 42 == 38 in. For — = 
T w 


2, e = 0-37. 


om. . 2 x 38 x 0-37 x 12 , 

The settlement load = — r - 7 z -- ' --- x h 2 *f 4 = 


1 4- (0*29 x 12) 


75*3 + 6 = 81 -3 tons. 


For this load the driving pressure — 


81*3 X 2240 
14 * 


— 930 lb. per sq. in., which is suffici- 


ently close to the assumed value of 1000 lb. per sq. in. Thus the working load is, say, 
- 3* = 37l tons. 


DESIGNS FOR PILED JETTIES. 

Vertical Piles Only [Diagram (a) on page facing Table 107]. — Consider a single row of 
piles ; therefore N — 1 for each line and SN = 4. Since the group is symmetrical, X = | x 28 
«* 14 ft. From Table 107: M = (80 x 2-5) — (10 x 15) = + 50 ft.-tons. 

The calculation of the load on the piles can be made by tabulation as follows: 


Pile 

No. 

X 

(it.) 

X* 

(ft.*) 

kw 

(A) 

, 

gr 

Axial load 
(k w W + k M M) 

Pi 

1 

“ 14 

196 

4- 0-25 

— 14 

z — _ 0*0321 

435-6 

(0*25 x 80) — (0*0321 X 50) = i8*4tons 

p. 

- 4-67 

21-8 

+ 0-25 

— 4*67 

-L — L = — 0*0107 

435-6 ' 

20 — (0*0107 x 50) = 19*5 tons 

p. 

+ 4-67 

21-8 

+ 0*25 

+ 0*0107 

20 -f 0*5 = 20*5 tons 

p. 

+ 14 

196 

+ 0-25 

4- 0*0321 

20 -j- i*6 = 21*6 tons 

I = 

2 Nx* = 

435-6 

(it- 4 ) 





The shearing force on each pile is — = 2*5 tons = 5600 lb., and the bending moment 

4 

on each pile is 0*5 x 2*5 X 15 = 1875 ft.-tons = 506,000 in. -lb. The maximum load on 
any pile is 21*6 tons = 48,300 lb., or 56,000 lb. including the pile. 


Vertical and Inclined Piles [Diagram (6) on page facing Table 107] (tan 6 — 0*25). For 
each pile, A is assumed to be the same. All piles are driven to the same depth, therefore 

if y * or P^ es Pi and P4 unity, y for P 2 and P 8 = - j A - = 0*97. Since the group is 


L ' w " L" Vr+4* 

symmetrical, 2 % = o, E t is not required, «£ 4 = o, G = x 0 
M = 80(16*5 — 14) 4- o =» 200 ft.-tons. 


28 

■ — = 14 ft., and y 0 — o. 


( Continued on page 334.) 



HILEY FORMULA 

(modified) 


FOUNDATIONS: PRECAST PILES.— TABLE 106. 
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- I GAOUPS CONTAINING 

CROUPS CONTAINING INCLINED PILES WITH Oft WITHOUT V EftTICAL PI LES I VE!Vnc/u_ PILES ONLY 


PILED STRUCTURES: LOADS ON PILES IN GROUPS. — TABLE 107. 


U - * LjJrt l +W X - ZoN I - I Noe 1 


J x /i+e | +w 
Mcid fin cap^A supeastavc^ 

-Xi fXn L 

-Xa t-Xn-i I 

at - — I 

2 T*rtl - ~ V 


^ASSUMED DEPOAMATION# 

^ AXIAL LOAD ON ANY PILE: 

P x » kw W+ K m M PLUS WEIGHT OF PILE 

M « Wo - H 

kv/ ~^ ^“nT h 

SHEAMNG FOACE ON ANY PILE - S-JR 
BENDING MOMENT ON ANY PILE - 0 -5 S K 
(FOA SYMMETRICAL GAOUPi X - 
s NUMBEA OF PILES IN EACH NOW. 



1 " TT 7 

■ ^ 



L _ZJ 

yn :‘ —A 


o -X|I b -I£ 

V - Qcos 2 © 


/ffH 

/ 

(i 




'»-) EISAi 


SUMMATIONS 


I, S IV» XQcos 2 9 
X 2 - I V tan © * 2 Q cos 0 sin 9 
2 3 «2Vx ~2xQcos*0 
1 - 4 * 2 . Vx tan 9 * XxQcos0sin0 
£ 5 -XVtan 4 0 = IQsin 4 © 

£<s-I -£VX* - itfQcos 2 © 

X- X-Xo + 'l(otan0 


COEFFICIENTS IN FORMULA FOft Px 

k P -Q x cose x — q* 

Lr « 2.5 - tan G li 
K w - —2 

_ tern 0 2| 

K H * 3 

kM - 4 * 'hi 


° Tl k2«o[ M E CA G*2 l U 25 t , Xp=T I 


Pn -PILE AEFEA6NCEAL0AD 
A n - caoss-sectionalama 
(|:** B n)- SLOPE OF PILE* tan© 

O BE CONSTANT. 


E IS ASSUMED TO BE CONSTANT. 


VEATICAL PILES 





+ VL*rti i 
Nil- -iffc-r+t* 
+3 Vr- x + l t -£* f£|ix 

nil ifp x 

NIL +^*T+^ 1 

+*vT-X 2 + ^-T+^ * 2 
x-x 0 X-CCo-^p 


. A. 



£3 IS NOT ACQUIRED. 
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DESIGN FOR PILED JETTIES 

Vertical and Inclined Piles ( continuation of example from pages 332 and 334). 

Therefore G — 3*824 x 0*114 “ 0*436. The axial loads on the piles are 
P x — 1 [(0*261 x 80) + o - (0*036 x 200)] = 20*9 — 7*2 =3 13-7 tons. 

P $ = 0*941 [20*9 -f (2*19 X 10) 4- o] == 40*3 tons. 

P 8 as 0*941(20*9 — 21*9 -f o) = — 0*94 tons (tension) or 4- 2 tons including the pile. 
P 4 = 20*9 + o + 7’2 = 28*1 tons. 

The maximum load on any pile is 40*3 tons, say, 43 tons including the pile. 

Inclined Piles Only [Diagram (c) on page facing Table 107] (tan 6 — 0*2). For 
each pile L and A are the same; so unity can be substituted for — . For Piles P x and P 8 , 

B — 4- 5 and for P* and P 4 , B =*= — 5. Since the group is symmetrical, — o, 27 a is not 
required. P 4 = o, G = TjTj, x 0 = 9*33 it.,y 0 — o. M a 80(11*83 — 9*33) + o = 20oft.-tons. 


Pile 

No. 

Zi 

A 

* (ft.) 

X (ft ) 

Z,(= I) 

kp 

kw 

ku 

X 

I 

p i 

1 

- + 096 

J 


- 9-33 

o* 96 (— 9 * 33 )* 

5 

0 1536 

, - 3 84 

-9 33 


I + 5 I - + O 0384 


^I+s 1 

o *59 

’ 5 X 0*59 

334 






“= + 83*5 

= + 0*98 

= + 0*26 

= + 1*305 

= — 0*028 

P, 

+ 0*96 

i 4-0 0384 

0 

- 9-33 

+ 83-5 

+ 098 

+ 0*26 

3*84 

- 5 X 0*59 

— 0 028 

P. 

4 - 0*96 

+ 0 0384 

+1 67 

+ 9*33 

0 96 (+ 9 * 33 )* 

+ 098 

+ 0*26 

*=- 1*305 

+ 9-33 
334 

=* + 0*028 






« + 83-5 



+ 1-305 

P« 

+ 0*96 

+ 0-0384 

+ 18*67 

+ 9 33 

+ 83-5 

+ 0*98 

+0*26 

- 1*305 

— 0028 

Totals 

4 - 3-84 

+ 0 I336 

1 ~ 

- 

+ 334 


- J 

- 

- 


Therefore G = 3*84 X 0*1536 = 0*59. The axial loads on the piles are: 

P x = o*98[(o*26 X 80) + (1*305 x 10) — (0*028 x 200)] 

= 0*98(20*8 + 13*1 — 5*6) = 28*3 tons. 

P a » 0*98(20*8 — 13*1 — 5*6) = 2*i tons. P 3 = 0*98(20*8 + 13*1 + 5*6) =* 38*6 tons. 

P 4 = 0*98(20*8 — 13*1 + 5*6) = 13*1 tons. 

The maximum load on any pile is 38*6 tons, say, 41 $ tons including the pile. 

Notes on Designs (a), (b) and (c). — Design (a) comprises vertical piles only, design ( b ) 
vertical and inclined piles, and design (c) inclined piles only. In each case the group is 
symmetrical and is subjected to the same imposed loads. Designs (b) and (c) are special 
cases of symmetrical groups for which = o and therefore y 0 ~ o; this condition applies 
only if the inclined piles are in symmetrical pairs, both piles in a pair meeting at the same 
pile-cap. 

The design in ( c ) requires the smallest pile, but there is little difference between the 
designs in ( b ) and (c). Although the maximum load on any pile is least in the design in (a), 
the bending moment on the pile requires a pile of greater cross-sectional area to provide the 
necessary resistance to combined thrust and bending. The superiority of design (c) is greater 
if the horizontal force H is greater, and if H were 20 tons (instead of 10 tons) the maximum 
loads (excluding the weight of the pile) are 23^ tons (and a large bending moment of 37$ ft.- 
tons) in design (a), 6of tons in design (6), and 51 £ tons in design (c). Design (6) is the most 
suitable when H is small; if H were 1 ton, the maximum loads are 26 tons (and a small bending 
moment of x$ ft.-tons) in design (a), 22 tons in'design ( b ), and 27 tons in design (c). Design (a) 
is most suitable when there is no horizontal load. 



DECIMAL EQUIVALENTS: TO CONVERT INCHES TO FEET.— TABLE 108. 


ggEE 



• 25 *33553 


•08544 1*16427 1*2524 


BE?M 3BBB3E53M3|^B9^^B 



•00781 

•04114 

•01041 

•04374 


H 


H! 


HE 

il ESHB 


•12234 


HE 

!■ 


■04448 *13261 


05208 1*13541 


2SS9 flESBSI ESESI ESS^SI 




•14583 1*22416 *3125 |*34583 


0651 1*1484-4 1*23117 | *3151 


•15104 


•15564 *32031 *40364 


•40625 




ilEEBBB MBBEffl 



•15885 

1*24214 

•16146 


*1 6406 

•24734 

1 

2 



•25781 *34114 *42448 


•17707 1*26041 1*34374 1*42707 1 *51041 


•26302 


•26562 *34645 *432281*51562 


•18484 1*26825 *35156 *43484 


•1875 *27083 *35416 * 4375 1*52083 


*1401 *27344 *35677 *4401 


•1427 *27604 *35437 1*4427 


•14531 *27864 *36148 


•1474! -28125 -36458 | *4474! 


*28385 *36714 


•36474 1 *45312 


•20573 


•125 

*20832 

•24166 

•375 


•625 

•70832 

•74166 

• 875 

EE 

•1276 

•21044 

IRHSI 

•3776 

•46044 *54427 

•6276 

•71044 

•74427 

•8776 


•1302 

•21353 

ISSESKS 

2250 EH3 BBS 

•71353 

•74687 

*8802 

IE3SS 




IBfff! 

•66146 

•56075 

*66406 

7 

<b 


-For example of the use of this table, see page facing Table 109 . 
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NUMERICAL CONVERSIONS. 


Converting Feet and Inches [Table xo8). 

(a) To express io ft. 5 A in. as a decimal of a foot: 

10 ft. « io-ooooo 
5& in. * 0*42969 

io*43 ft. 

(b) To convert 0*6732 ft. to inches (nearest ^ in.): 

0*67187 ft. = 8^ in. 

Difference = 0*00133 It* which is slightly more than -fa in. 

Therefore 0*6732 ft. = 8 A in. 

Metric Conversion Factors. — 1 in. = 2*54 cm. 1 metre =* 39-3701 in. 

1 pound (av.) = 0*4536 kg. 1 kg. = 2*2406 lb. 

1 metric tonne = 0*98421 ton (= 19*684 cwt.) 

To convert the moment of resistance factor Q e in inch-pounds to Qm in kg.-cm. 
(Mr -QMS): 

Qm = 0 - 0703 ( 3 . 

M r in kilogramme-centimetres = Qrabd-S (where b and d t are in centimetres). 

E c = 2,000,000 lb. per sq. in. = 140,614 kg. per sq. cm. 

E b = 30,000,000 „ ,, ,, = 2,109,210 ,, ,, „ 

pst = 18,000 „ ,, ,, = 1266 ,, ,, „ 

pee — IOOO „ ,, ,, = 70-3I ,, ,, $ 1 

w — 100 lb. per sq. ft. — 488*24 kg. per sq. cm. 

I = 1000 in. 4 = 41,623 cm. 4 . 

Metric Conversions (Table 109). 

(а) To convert 17 ft. 8& in. to metric units: 

17 ft. 8 in. == 5*385 metres. 

in. — 0*0079 metre. 

17 ft. 8& in. *= 5*393 metres. 

(б) To convert 4*067 metres to English units: 

4*064 metres = 13 ft. 4 in. 

0*003 metre = £ in. (At foot of Table 109: £ in. = 3*18 mm.) 


13 ft. 4$ in. 

(c) To express ^-in. bars at 8-in. centres in metric units: 

^ in. = 12*7 mm. 8 in. = 0*203 m * 

Nearest practical values: 12-mm. bars at 20-cm. centres. 

(d) To express 600 lb. per sq. in. in metric units: 

~~ = 42 kg. per sq. cm. approximately. 

(e) To convert 6 lb. per sq. yd. to metric units: 

6 - lb - “ 5^7 => 2 '7I kg. 

1 sq. yd. -= = 0-836 sq. m. 

- - 3'24 kg. per sq. m. 


Thus 6 lb. per sq. yd. 



METRIC EQUIVALENTS: FEET AND INCHES TO METRES. — TABLE 109. 


5 ‘ I I T I 6 ' 


Ma i ii ii i mi' 1 1 ii in i ii hi i ii in i ii hi i ii ii i ii ii 1 1 ii ii m ii i m 


0*71 1 1 0*757 1 0*782 1 0*787 0*613 0*838 


0*985 10*491 II *018 1*041 1 *007 1*042 1*116 1*143 




2-438 

2*484 

2*484 

2*515 

1 2*554. 1 

2*585 

2*541 

2*818 

2*842 

2*887 

1 2*842 

2*743 

2*784 

2*744 

2*814 

ggjH 

2*871 

2*848 

2*421 

2*448 

2*472 

sea 


nrararararararagn 


fcOWEO.W«t.g.i-MI 


3*883 

3*708 

(3*734 1 

13*754 

13*785 I 

3*610 

1 3*835 

[ 3*881 | 

3*888 

isai 

3*488 

4*013 

14*034 14*084 14*084 1 

4*115 


4*131 

10011 


19 

In 


4*877 4*402 4*428 


5*182 I 5*207 5*232 


5*512 5*537 


5*741 I5*8a 5*842 


5*055 15*081 15*105 


5*334 


inn 

IHGE33 


8*121 8*147 18*172 


8*452 


8*758 


SSBBBB9B9B9 

IHBlS 


5*404 5*444 


8*274 


0*574 


ES 0S23 HQ9 

eskbsh 




7*341 |7*388 17*341 |7*4l7 1 7*442 7*488 7*443 7*518 |7*544 |7*564 17*545 


7*845 7*87| 


7*475 


I yoi^kM EBESa MOZiM fcfi£U HEill fcflL-£kl | 


pH 


8*224 8*255 8*280 1 8* 308 1 8*531 1 6*358 


8*580 18*585 8*810 1 8*838 18*881 


in 


4*144 14*184 4-145 




8*407 


8*712 8*737 


4*017 


4*322 



BlEgSlEgffllBBMB^IBBIEBaEBaEBaEraEBaEBBg^gl 

Hffij31!nH BBS BE9 PS1 EHjBEEfflj3j!3 SECT B5B3 IBS HEMB 

CTW?^lflfM|gB!ll^^tB^HEE3l553i551jl3!!!31SB3l5SaE^Bi| 


ipsss^s 

B oauBMiE^agRBi^a^M 


o | 3 / i < b n 1 4 *78 • II %>" 1 14 * 23 " 

I J^L 

b ^8* [7*44 1> 

I 4 * 53 " 


18 CONVERT 
METRES TO YARDS l 
SQ. M . TO SQ.YD, *. 
CU. M. TO CU.Y0. S 

5 #0 &'l kgm,/cm?*io is./in**: 
K8M«/m3 to 1.6. /ft. 5 : 


MULTIPLY 8Y 
1*044 
1*196 
1*308 

I4*2fc 

o*o«£4 
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REINFORCED CONCRETE DESIGNER’S HANDBOOK 
TRIGONOMETRICAL COMPUTATIONS. 


Definitions. — If a, b, and c are the sides of a right-angled triangle, a being the height, 
b the base, and c the hypotenuse, and if the angle enclosed by b and c is 0: sine 0 = - ; 

cosine 0 = tangent 0 = ^; and cotangent 0 = ^. Values of these functions for 0 from 

i degree to 89 degrees are given in Table no. 

For 0 = o: sin 0 = tan 0 = o ; cos 0 = 1 ; cot 0 = infinity. 

For 0 = 90 degrees: sin 0 = 1 ; tan 0 — infinity; cos 0 — cot 0 = o. 

Secant 0 = r — — -—*1 cosecant = - = - - - n . As these functions are the inverse of 
b cos 0 a sin 0 

cosine and sine respectively, the table can be used to obtain their values by determining 
the reciprocals of the corresponding cosine and sine. 

Interpolation. — Table no gives the trigonometrical ratios to four places of decimals 
for angles of a whole number of degrees. For angles expressed in degrees and minutes, the 
rules for interpolation given in the following are sufficiently accurate for most calculations 
in reinforced concrete design. 

(а) Sines and cosines of all angles, tangents of angles less than 88 degrees, and cotangents 
of angles greater than 2 degrees : Interpolate by direct linear proportion, noting whether the 
trigonometrical ratio increases or decreases as the angle increases. 

Example (i). To determine the sine of 26 deg. 28 min. 

. sin 27 0 — sin 26° = 0*4540 — 0*4384 = 0*0156. 

sin 26° 28' = 0*4384 -f Q? x 0*0156^ = 0*4457. 

Example (11). To determine the angle the cosine of which is 0*3457. 0*3457 is the cosine 

of an angle between 69 deg. and 70 deg. 

cos 69° — cos 70° = 0*3584 — 0*3420 = 0*0164. 

0*3584 - o*3457 = 0*0127. 

0*0127 

0*0164 * 60 “ 4 6 F* Therefore the angle required is 69° 46^'. 

(б) Tangents of angle 0 not less than 88 deg. From Table no and by the foregoing 

method of interpolation, determine sin 0 and cos 0. Tan 0 = (Use logarithms for 

evaluating this quotient if greater accuracy is required.) 

Example (ni). Determine the tangent of 89 degrees 10 minutes, 
sin 90° — sin 89° = i-ooo — 0*9998 = 0*0002. 


0*0002 x ~ = 0*00003. sin 89° 10' = 0*00003 + 0*9998 = 0*99983. 

cos 89° — cos 90° = 0*0175 — o = 0*0175, 

10 

0*0175 X jr- — 0 * 00292 . COS 89° IO' = 0*0175 — 0*00292 = 0*01458. 


tan 89° 10' = - = 68*5 (by slide-rule; true value is 68*7501). 

0*01458 0 v J u t 

(c) Cotangents of angle 0 not greater than 2 degrees. Determine the tangent of (90° — 0 ) 
by procedure in (b). 

Example (iv). To determine the cotangent of o deg. 50 min., calculate the tangent of 
90° — 50' = 89° 10'. (See example iii.) 

Trigonometrical Formulae. 


sin 8 0 -f cos 8 0=i 


sin (0 4- <f>) = sin 0 cos <f> + cos 0 sin <f> 
cos (0 + <f>) — cos 0 cos <f> — sin 0 sin j> 
tan 0 + tan <f> 


tan (0 -f <f>) 


1 — tan 0 tan <f> 

sin <f> -f sin 0 = 2 sin ~ cos 


sin (0 • 
cos (0 ■ 

tan (0 — 4 >) 


<f>) 

■ 4 >) 


= sin 0 cos <l> — cos 0 sin <f> 
= cos 0 cos <f> -f sin 0 sin <f> 
tan 0 — tan <f> 

1 + tan 0 tan <£ 


sin 0 — sin <f> = 2 cos ^* 


0-1 -f 


)-(4i) 


2 

COS 0 -f COS <f> «a 2 COS COS 

cos 0 — cos ^ — 2 sin sin 




TRIGONOMETRICAL RATIOS.— TABLE 110. 
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MATHEMATICAL DATA. 


ir y (approx.) = 3*14 (approx.) = 3-1416. 

One radian =3 ' = 57*3 deg. (approx.) 

tt 

Length of arc subtended by an angle of one radian = radius of arc. 
One degree Fahrenheit — £ degree Centigrade or Celcius. 
Temperature of t deg. F. = f (f — 32) deg. C. 

Temperature of t deg. C. a* (i-8f 4- 32) deg. F. 

Base of Naperian logarithms, e = 2-7183. 

To convert common into Naperian logarithms, multiply by 2-3026. 
Value of g (London) = 32-182 ft. per second per second. 

Diameter of inscribed circle of a triangle: 

r 

a + 6 + c 

For isosceles triangle, a = c: 

D — fr v' A a% — 6 8 
~~ 2a + b 

SOLUTION OF TRIANGLES. 

Applicable to any triangle ABC in which AB = c; BC — a; AC = b 

sin A __ sin B _ sin C 
a ~ b ~~ c 


. be sin A ac sin B 

Area — = 

2 2 


where s — i(a 4- b + c). 

. A /(s — b){s — c) 

sin i = V — Vc — 


— S -- - = Vs(s — a)(s — b)(s — c) 


cos A 


b* + c* - a 2 
2 6c 


ROOTS OF QUADRATICS. 

<2** + Jr + c * o. 

APPLICATIONS. 




— b ±_ — 4»c 

2 a 


H 


(a) Roof slopes. s = Vi -f H*. 

(i) Limiting slope for inclined roof loading = 20 deg. 
H = cot 20 deg. a 2-7475; 

Therefore limiting slope = 1 : 2f . 

(li) Limiting slope for inclined roofs = 10 deg. 

H = cot 10 deg. = 5-6713; 

Therefore limiting slope ==1:5$. 

(b) Earth pressures. 



r 

r 1 

H 


i* 





3 

L 

2 



, 1 — sin 6 ( o 6\ 

= an ( 45 V 

I = i_+jmtf = / 
k x i — sin 6 


& 


(c) Hopper bottom slopes. 

Specified minimum slope in valley = 0 . 

y 


: = if; AT = H c0t * ; y = 


Vi -f R*‘ 
tan 6 * sa tan 1 4- i?*- 


tan $y : 


B tan ift y'j 



APPENDIX I 


THE EFFECT OF VARIOUS MATERIALS ON CONCRETE 


The following is a list of substances and liquids, some of which have been found to 
be injurious to concrete. Some protective treatments are described, but this informa- 
tion is given with reserve because the quality of the concrete, the degree of concen- 
tration of the injurious substance, the conditions of exposure, and the temperature 
are among many factors that determine the severity of the attack, if any, and the 
efficacy of the treatment. Some of the recommendations are based on experience 
in Britain; others are taken from foreign publications. 

Acetic Acid. — Causes slow disintegration from which concrete can be protected 
by spar varnish, bituminous enamels, phenol-formaldehyde varnish, paraffin wax, 
hard rubber, or, for concentrations up to 60 per cent., acid-resisting paints. Vinegar 
is a weak solution of acetic acid which slowly disintegrates concrete, and protection 
by paraffin wax has been recommended. 

Acids All acids attack concrete to some extent, strong acids being particularly 

virulent, although weak acids can be stored in untreated concrete tanks if the concrete 
is impermeable. Greater immunity from attack by weak acids can be obtained by 
using high-alumina cement or by impregnation with fluosilicate solution. The 
latter, and similar, treatments become ineffective if the skin is broken. The calcium 
salts contained in set cement are soluble in nearly all mineral or organic acids, and 
some types of acid-resisting preparations form insoluble substances upon combination 
with the constituents of cement which are soluble in acid solutions ; some preparations, 
without this chemical combination, of merely acid-proof insoluble materials are not 
sufficient to withstand the attacks of strong acids. For the most corrosive acids, 
linings of asphalt, bricks, tiles, paints, enamel, rubber, or acid-resistant coatings are 
generally recommended as given for specific acids in the present list. It should be 
noted that while most common acids, for example, nitric and sulphuric acid, are 
more destructive in high concentrations, hydrochloric acid is most injurious in lower 
concentrations Acid-resisting cements are obtainable, some of which are said to 
be resistant to all acids (except hydrochloric) in all strengths and at high temperatures. 
For weak and medium acid solutions, paraffin wax or sodium silicate is used. 

Alcohol. Little or no effect on concrete, but some authorities recommend 

protection by acid-resisting pamts. 

Alkalis. The effect of alkalis varies ; therefore see under specific materials such 


as ammonia, caustic soda, calcium, etc. , , 

Aluminium Aluminium (and to a less extent zinc and lead) can be seriously 

corroded when in contact with freshly placed Portland cement mortar or concrete. 
The corrosion is said to be due to the alkaline moisture that exudes from the concrete 
as a result of the setting process or changes in humidity. This mixture only attains 
an appreciable calcium hydroxide content after prolonged leaching out, but when 
the calcium hydroxide exceeds 50 per cent, of the saturation value, crystalline calcium 
aluminate is precipitated, forming a protective coating which retards further corrosion. 
Corrosion can be prevented by inserting an impermeable layer of bituminous material 
between the concrete and the aluminium lining. Glycerine-litharge mortars have 
been recommended in place of Portland cement and similar mortars when setting 
aluminium linings, and a fairly strong material can be made by mixing 9 parts of 
crushed limestone (run of crusher with fines) and one part of litharge with a solution 
of approximately 35 per cent, of crude commercial glycerine and 65 per cent, of water. 

Aluminium Sulphate. — See " Sulphates 

Ammonia and Ammonium Compounds.— Hard rubber or special pamts are recom- 
mended as protection for concrete against ammonia. The remarks for magnesium 
chloride apply to ammonium chloride. Ammoniacal liquor, which is encountered in 
gasworks and coal by-products plants, has little effect on concrete, although treatment 
is sometimes recommended. Ammonium nitrate disintegrates concrete, especially if 
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the solution is in excess of £ to i per cent., and a protective coating as for sulphates 
is required. Ammonium sulphate is probably the most aggressive of the sulphate 
salts, and concrete floors of sulphate stores are protected by blue bricks laid on edge 
and set in pitch. In one case where sulphuretted hydrogen and ammonia, dissolved 
in moisture condensed on the surface of the concrete, had oxidised to ammonium 
sulphate causing disintegration of the concrete, a successful protection was obtained 
by treating the new concrete with a 30-per-cent, solution of high-silica sodium silicate. 
Ammonium sulphide attacks concrete, necessitating protection as for sulphates. 

Anhydrites. — High-alumina cement concrete resists attack. 

Anthrocene. — No effect on concrete, but in some cases tanks are rendered with 
cement mortar to reduce seeping. 

Beer. — Fermentation tanks of concrete should be lined with enamel, glass, or 
stainless metal linings. Deleterious effects are most virulent when using Portland 
cement, high-alumina cement concrete being immune. 

Benzene. — The remarks for petrol apply. 

Benzol. — No injurious effect on concrete, but slight seeping occurs. Recom- 
mended protection is as for petrol. A skimming coat of waterproofed Portland cement 
well worked into the surface of the concrete, followed by two coats of cement grout, 
has proved successful. Asphalt should not be used as asphalt is soluble in this oil. 

Calcium Compounds. — Calcium chloride has no injurious effect on concrete, and 
is sometimes used to accelerate setting and for curing. It may have corrosive effects 
on reinforcement. Calcium nitrate has no effect on concrete. Calcium sulphate 
(gypsum) is often found in clays, the ground water from which may contain solutions 
of sufficient strength to attack Portland cement concrete, although high-alumina 
cement concrete may be immune (see “ Sulphates ”). 

Carbolic Acid. — Attacks poor concrete, although cases have been recorded 
where untreated 1 : i£ : 3 concrete 6 in. thick with a steel-float finish has been 
successful. 

Carbolineum. — As for creosote. 

Carbonates. — At normal concentrations these have practically no effect on 
concrete. 

Carbonic Acid. — When dry has no effect on concrete, but causes slow disintegra- 
tion when in solution. Recommended treatments include asphalt, bituminous paints, 
coal-tar paints, fluosilicate, spar varnish, or phenol-formaldehyde resin. 

Caustic Soda. — Caustic alkalis have little effect on Portland cement concrete, 
although they may attack high-alumina cement concrete. Some protection for all 
concrete is recommended, but cases are reported where 4 per cent, solutions have 
been stored successfully without treatment. Alkali-resisting paints will provide 
protection for solutions of any concentration. 

Chlorides. — Some chlorides have little or no effect on concrete except in high 
concentrations, while others cause slow disintegration and require protection as for 
sulphates. See specific chlorides. 

Chlorine Solution. — Little effect on concrete, but treatment as for acids is 
desirable. 

Cider. — Paraffin-wax treatment reported to be successful. 

Citric Acid. — Acid-resisting paints provide protection against all concentrations; 
see also “ Acids ”. 

Cobalt Sulphate. — See " Sulphates ”. 

Copper Compounds. — Copper chloride attacks concrete slightly and requires 
treatment as for sulphates. For copper nitrate protection is afforded by acid-resisting 
paints. For copper sulphate, see “ Sulphates ". 

Corn Syrup. — A s for glucose. 

Cotton-seed Oil. — Opinions differ regarding the extent to which concrete is 
disintegrated by this oil; some suggest that no protective treatment is required as 
the attack is only slight; others report virulent attack, particularly on Portland 
cement concrete but less on high-alumina cement concrete. 

Creosote. — Has a tendency to disintegrate concrete slowly, requiring coatings 
to prevent seeping as recommended for petrol. 

Crbsol. — A s for creosote. 



EFFECT OF MATERIALS 


345 


Cumol. — A s for benzol. 

Fish Oil. — Attacks concrete only slowly, and treatment with fluosilicate, sodium 
silicate, or linseed oil is recommended. 

Foot Oil. — As for fish oil. 

Formaldehyde. — Protection is provided by paints. 

Formic Acid. — Acid-resisting paints provide protection against solutions up to 
60 per cent.; see “ Acids 

Fumes. — Fumes, such as the acid vapours that occur in dye-works, pickling 
plants, bleaching works, and galvanising works, attack concrete. Protection 
can be provided by lacquers. Protection is also required for concrete exposed to 
smoke, the sulphur in which leads to the formation of sulphuric acid (which see). 

Gallic Acid. — Mostly contained in ink. Storage vats require protection by one 
of the coatings given for acids or by ink-resisting linings. 

Glucose. — Slowly attacks concrete. Requires protection as for sulphates 

Glycerine. — Protection required as for sulphates. 

Hydrochloric Acid. — Particularly destructive, especially when hot. Diluted 
hydrochloric acid can penetrate thick coatings of paraffin wax. Protective treatment 
as for sulphuric acid, including rubber linings. 

Hydrofluoric Acid. — Concrete requires protection. Lead linings are recom- 
mended, and rubber is reported to be effective up to 150 deg. Fahr. and for 50 per 
cent, solutions. 

Iron and Iron Compounds. — Iron or steel built into or attached to exposed 
concrete may lead to discoloration of the concrete due to rust. For the compounds 
of iron, the remarks for magnesium chloride apply to ferric chloride ; those for copper 
nitrate apply to ferric nitrate; and those for sulphates apply to ferric sulphate. 

Lactic Acid. — Derived from milk and occurs in whey and sour milk. Portland 
cement concrete is attacked and can be treated as for carbonic acid in water, or coatings 
of linseed oil, paraffin wax, or paints. High-alumina cement concrete is attacked to 
a less degree. Sodium silicate provides only temporary protection against deterioration 
of concrete floors subject to milk spillings, and tiles laid in asphalt are recommended 
for permanent protection. Channels are often lined with vitreous material. 

Lard. — As for fish oil; this also applies to lard oil. 

Lead and Lead Compounds. — For the effect on lead of contact with wet concrete 
see “ Aluminium ”. Lead pipes passing through concrete can be protected by a coating 
of pitch or tar or by embedding the pipes in clay. For lead nitrate, see the remarks 
for copper nitrate; and for lead sulphate, see “ Sulphates ”. 

Lime. — See calcium compounds. Gasworks lime attacks Portland cement, high- 
alumina cement concrete being more resistant. Portland cement concrete treated 
with special paint is also effective. Piles driven through gasworks’ lime should be 
protected by a coating of tar. 

Magnesium Chloride. — Slowly attacks concrete; protection as for sulphates. 
No protection required if in weak solutions as in ground waters. 

Magnesium Sulphate (Epsom Salts). — Remarks as for calcium sulphate. 

Mercuric Chloride. — As for magnesium chloride. 

Naphthalene. — As for petrol. 

Nitrates. — Some nitrates have a deleterious effect, while concrete may be 
immune from attack by others; see separate references. At the low concentrations 
met in practice these salts may have no effect. 

Nitric Acid. — A s for sulphuric acid, but rubber lining is not recommended by 
some authorities except for low concentrations. 

Nitro-hydrochloric Acid. — Particularly destructive, especially when hot. See 
" Hydrochloric Acid ”. 

Nut Oil. — Almond oil, coco-nut oil, peanut oil, and walnut oil slowly disintegrate 
concrete, which can be protected by fluosilicate, sodium silicate, or linseed oil. 

Oils. — Vegetable oils attack concrete and saponify it. Mineral oils have no 
destructive effect, and thus light fuel oils, such as petrol, paraffin, and benzol, can 
be stored in concrete without injurious effect, but applications of spar varnish, linseed 
oil, or sodium silicate are recommended to provide protection against seeping of oils 
of specific gravity less than 0-875 (54 J lb. per cubic foot) equivalent to not under 
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30 deg. BaumA No protective treatment is required for heavier oils, as seeping may 
be negligible. Resinous coatings such as an alcoholic solution of a phenol condensation 
product, or an oil-resisting paint, are recommended as protection against fatty oils. 
Concrete can be protected from the penetrating effects of lubricating oils or trans- 
former oils by using oil-resisting lacquer. See the remarks for separate oils in this 
list. 

Olive Oil. — Causes slow disintegration. Treatment is as for nut oil, or with 
spar varnish or plastic varnish. 

Paraffin. — As for petrol. 

Petrol. — Although it has no deleterious effect on concrete, the loss due to 
seeping may be considerable as petrol can find its way through pores that are imperme- 
able to water. Applications of fluosilicate, spar varnish, sodium silicate, or phenol- 
formaldehyde varnish are recommended as surface treatments. Impregnation of 
the concrete with water reduces the permeation of petrol, and a water barrier within 
the thickness of the wall has proved effective. Petrol vapour can also pass through 
concrete; rich mixtures of concrete or a high water-cement ratio apparently slightly 
increases the rate of penetration; glycerine, glue, or asphalt does not seem to provide 
much protection. 

Phenol. — A s for creosote. 

Phosphates. — These salts attack concrete only when in high concentrations. 

Phosphoric Acid. — Slowly disintegrates concrete due to the formation of soluble 
acid phosphates. Requires protection as for acids generally, acid-resisting paint 
providing protection from all concentrations. If rubber is used it should be specially 
compounded. 

Poppyseed Oil. — As for nut oil. 

Potassium Compounds. — Potassium chloride and potassium nitrate have no 
effect on concrete. For potassium sulphate, see remarks under “ Sulphates 

Pyrites. — Slowly attacks concrete, requiring protection as for sulphates. 

Rape-seed Oil. — A s for olive oil. 

Rubber. — Used as a protection for concrete containers holding corrosive liquids. 
Most inorganic acids (except nitric acid) of any concentration and at temperatures 
up to 150 deg. F. can be stored in soft rubber or hard rubber (vulcanite) linings, 
although 50 per cent, concentration is the limit for hydrofluoric and sulphuric acids 
and 85 per cent, for phosphoric acid. If soft rubber (and in some cases, hard rubber) 
is used for certain acids, it is necessary to use a special grade of rubber. Similarly 
most solutions of inorganic salts and alkalis up to saturation point and 150 deg. F. 
temperature, and most organic materials up to the same limits, can be stored in 
rubber-lined tanks. Hard rubber is generally more resistant to chemical attack than 
soft rubber. Rubber is not generally recommended for protection against powerful 
oxidising agents such as nitric and chromic acids, ozone, etc. 

Salt (Common). — Common salt (sodium chloride) has no injurious effect on 
concrete when the salt is dry, but sodium silicate is recommended as a treatment for 
plain concrete. If the concrete is reinforced, a lining of asphalt or similar material 
is required to prevent corrosion of the steel. Untreated concrete tanks are suitable 
for weak solutions of brine, but strong solutions require protection by brick linings, 
the jointing in which should be resistant to prevent seeping of brine behind the brick- 
work attacking the concrete. High-alumina cement concrete offers greater immunity 
than Portland cement concrete. 

Salts. — Soluble inorganic salts attack concrete; the descending order of virulence 
has been given as follows: sulphates, sulphides, nitrates, chlorides, and carbonates; 
see under each of these headings and separate substances. 

Sewage. — The acid content is generally low, otherwise sewage may have 
a deleterious effect on concrete. High-alumina cement concrete is more resistant 
than Portland cement concrete. Protection and impermeability have been obtained 
by J-in. renderings to walls and J~in. renderings to inverts, using a Portland cement 
mortar with a waterproofer and applying the mortar to a concrete surface that had 
been well hacked immediately after the removal of the shuttering. Surface treatments 
with bitumen or fat are not permanent. Where disintegration has been very pro- 
nounced, concrete pipes have been lined with vitrified clay tiles and the joints pointed 
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with bitumen emulsion. The attack arising from sewage, which results in the presence 
of hydrogen sulphide, is mostly limited to the concrete at and above normal liquid level. 

Sodium Compounds. — Sodium nitrate has no effect on concrete, neither has 
sodium silicate (water-glass), which is widely used as a protective coating and pore 
filler. For treatments for sodium sulphate (Glauber salt), see “ Sulphates ” and 
“ Calcium Sulphate steam curing has been recommended for protection of concrete 
against sodium sulphate. For sodium chloride, see “ Salt (Common) 

Soya Bean Oil. — A s for nut oil but is harmless m thin coats. 

Strontium Chloride. — No effect on concrete unless alternately wet and dry. 

Sugar. — In general, sugar has a marked deleterious effect on concrete and 
complete protection should be provided. Sugar juices injure Portland cement concrete 
but have little effect on high-alumina cement concrete. Concrete requires protection 
from boiling jam, aluminium linings often being provided; where floors are exposed 
to spillings from the boiling of sweets or jam the concrete needs protection. Molasses 
slightly attack concrete which requires treatment as for sulphates. 

Sulphates. — Most sulphates vigorously attack concrete, the intensity of the 
attack increasing with the concentration of the solution up to i per cent., with little 
increased virulence beyond this limit. Recommended protective coatings include 
fluosilicate, sodium silicate, linseed oil, bitumen, glass linings, vitrified brick or tile 
laid in litharge, rubber, and special paints. See also separate references to particular 
sulphates. 

Sulphides. — Most sulphides deleteriously affect concrete, necessitating protection 
as used for sulphates. Sulphide ores attack concrete only slowly. Soluble sulphides, 
with the exception of ammonium sulphide, have no effect. 

Sulphite Liquor. — Slowly attacks concrete; protection as for sulphates. 

Sulphuric Acid. — The disintegrating effect on concrete is guarded against by 
lining the container with glass, lead, or vitrified brick or tile. The effect of lead 
lining in contact with concrete should be considered (see “ Lead ” and “ Aluminium *’). 
Rubber is also effective up to 150 deg. F. and for 50 per cent, solutions, while paints 
may be effective for any concentration. The acid used in accumulators is sulphuric 
acid diluted in distilled water to a specific gravity of approximately 1-22, and the 
necessary protection of concrete is obtained by bituminous compositions or acid- 
resistant asphalt. 

Sulphurous Acid. — Remarks as for sulphuric acid, but rubber is effective for 
all concentrations. 

Tannic Acid. — Derived from tea and causes slow disintegration of Portland 
cement concrete, but has little effect on high-alumina cement concrete. Treatment 
of Portland cement concrete as for carbonic acid in water. 

Tanning Liquor. — If of the non-acid type, the concrete does not require pro- 
tection, but if of the acid type it should be protected by acid-resisting bituminous paint. 

Toluol. — A s for benzol. 

Turpentine. — As for petrol. 

Wine. — The treatment of the interior of wine vats with a solution of fluosilicate 
or with tartaric acid has been successful and had no ill-effect on the contents. Vats 
treated with potassium silicate solution are reported to contaminate wine. 

Xylol. — As for benzol. 

Zinc. — For the effect of zinc in contact with wet concrete, see " Aluminium 
For zinc sulphate and chloride, see " Sulphates ". 
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Publisher's Note 

Other examples of the design of reinforced concrete structures 
are given in ** Examples of the Design of Reinforced Concrete 
Buildings ” and in other books in the “ Concrete Series " dealing 
with specific types of structures. 
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SLAB-AND-BEAM FLOOR. — CALCULATIONS. 
For Details, see page 350. 


WAREHOUSE FLOOR. . 


COLUMN 5 AT 20-FT. CENTRES BOTH DIRECTIONS 


FINISH S t-'N. GRANOLITHIC WEARING SURFACE (NOT INCLUOED IN STRUCTURAL THICKNESS) 


design 

DATA 
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MID- SPAN (NEG ATI VE) M « - 02]^^X 12 =c 11 IO *• « « 

THICKNESS . FROM TABLE ® , d « 3"k IN.- BUT 4 IN. IS PRACTICAL MINIMUM. 
REINFORCEMENT. SQ.IN /FT. 

MID-SPAN (BOTTOM) A st - - 0-220 


S 1 ” 20,000 X 2*03 
3 . 10,250 _ „ aCL 

20,000 X 2-85 * °* 205 
ABOUT 0-02 


SUPPORTS(TOP) 
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4- IN- 
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-I9'T. 
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1500 ■ 
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DiAOCOAD * SKT m Z1G> S 


SKT 
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1 
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rl* 
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5— 
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O 
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-shT 
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12*+ 2(o-8X 21 Xl*)ft 4Fr.^2f| 
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5 - 1 8AR5 
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SLAB-AND-BEAM FLOOR. — CALCULATIONS. 
For Details, see page 350. 


PRIMARY 

BEAMS 

C • 20 FT. i 

(FULLY 

continuous) 

CLEAR SPAN 
(l5*COL.) 

- 10'- S' 1 


b >(»2 k*>h2 

Sdf 

Ik# 

4-tS-|=l7’ 


LOADS. CONCENTRATEOOiET). DEAD LOAD » 2Hax547* IS « 2Q700 LB. PER WfcN 

~ (AT THIRD POINTS) UV E . No.. 1500*13 - 57.000 - - « 

TOTAL 77,700 « - * 

UNIFORMLY- DISTRIBUTER DEADS SLAB, ETC* 62 L6yFT. 

(ON width OF BEAM) BEAM MS *225 « * 

TOTAL *207X18*75*5,400 " • * 

LIVE » 10*75 X 224 XI • O *4,200 " “ « 

TOTALS TOTALS 5 1 1 LB. /FT. *87,500" * * 

BENDING MOMENTS . APPLY B.M. COEFFICIENTS IN TABLE © ASSUMING BEAM 
TO Oe EQUIVALENT TO CENTRAL SPAN OF FIVE CONTINUOUS SPANS. 

SUPPORTS “ DEAD LO AO. CONCENTRATED O- IOG X 20,700 » 21 SO 
# DISTRIBUTED 0-C60X S,400 * 432 
LIVE LOAD. CONCENTRATED 0*140 X 57,000 -0450 

DISTRIBUTED 0* 1 1 1 A 4,200 * 407 in.- LB. 

TOTAL (UNAOJU5TED) II, 539 x20x!2» 2,775,000 

DEDUCT (5% a 4-16X300 

2,358,000 

MID-SPAN- DEAD LCAD, CONCENTRATED 0-061x20,700* 12GO 
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LIVE LOAD. CONCENTRATED 0-115 * 57,000 - G5GO 
DISTRIBUTED 0-Q86X 4200 * 381 
TOTAL (unadjusted) 8428X20X12*2,035,000 . 

ADD DEDUCTION PROM SUPPORT RM.(MAX. ADJUSTMENT) * 4IG.0Q0 
TOTAL (ADJUSTED) 2,431.000 ^ ' 


MIO- 5 PAN. a _ 2451,000 __ 7i „ <alM 

A ^ 2o,ooo* 17 ; 7 21 SfiUN * 

M ] — =* 3.080,000 I Nr LB. OK. 

* pc 2 x 8* 2 

SUPPORTS. 8. M.‘ PER INCH WIDTH* — = I 97,000 IN.-LB./lN. 


6*I<*.0AR5 
AT BOTTOM 
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iLu. 

£^0-8G*27k 
*24*- 
£«2AH% 
=25%* 
4^*0^ 25* 
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n « 11.7* 


d, required WITH A^A^pFOM table - 22 h (> 19 ’Vpprdx) Slavs 6 

pertormula.n table© 50 J SAV8-X27* 

M s « 2,358,000 - Ll04*l2*(27i) J* 2,359,000-1,63^000 = 724000 IN.-LB- 


j fc « ) 4 X lOOO ( 1 '* ”"J ^ ) = 11,750 IN.- LB. 


A «• 724000 

60 11,750X25^0 


* 2*44s<r.in. 


+ -4-Tt** 

SHEAR! NG RESISTANCE . Q (AT FACE OFSUPKIAT) « 7 |°° « 43, 650 LB. 
[ta*le@J £ - « 4 G LB./SQ IN. (> OOI mSV) 


2-|VbARS 

AT BOTTOM 

e-fJiSBARS 


[ I - 14 AT 45° 

SINGLE SYSTEM 
AND 


1-14 BAR AT4S°StNGLE SYSTEM » 173SO LB. AND 

TO BE RESISTED 8Y BINDERS » 43,050 - 17,350 * 26,300 LB. ^'BINDERS 
VMAUIMO- = 1050 (VaT+'^-IIOS) AT +“* 

AT EDGE OF SPLAy(anD APPROXIMATELY THE SAME UP TO THIRD POINT) 

Q- 43,650- (2-25x511) * 42,500 LB. 

<\ - ,y; 5 °° - = 208 IR/*IN. (> 100 >400! SgJKSSfJ) • . 

ARRANGEMENT OF INCUNED BARS EQUIVALENT TO it XSINGU SYSTEM SM^O AT 
|-li*BARAT45° * I if X 17,350 - 26,025 LB. ‘*aSd 

TO BE RESISTED BY BlNOiRS * 42,500 -26,025 » 16,475 LB. f BINDERS 

v required - 5 370 (f at 4 *sfc- 862 ) AT4 **- 

BETWEEN SECONDARY BEAMS AT THIRD POINTS- BINDERS 

Q* 511 X (ix6) * 1533 LB. <^<IOO (NO REiNfORCEMENl) ^ ATl^Sfc. 











0*078 h 
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WALL UNRESTRAINED 












COLUMN WITH SEPERATE BINDERS COLUMN WITH HELICAL BINDING 









WALLS OF RESERVOIRS AND TANKS.— DETAILS. 
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RETAINING WALLS.— DETAILS. 
For Calculations, see pages 357 and 358. 









RETAINING WALLS.— CALCULATIONS. 
For Details, see page 356. 


HEIGHT C N E J ) " 12.FT. DEPTH OF EASE BELOW GROUND IN FWNT OF WALL « 3 FT. 

RETAINING LARGE 5ANDY GRAVEL. SURCHARGE » 200 L6./SQ.FT. 


DESIGN 

DATA, 


[PER TABLE Qt)| (*>• 12OLB/C0.FT. ©« 35 DEG. 


D*27i p^0^Al20h^0-27K224| 


MILP STEEL REINFORCEMENT : P s fc * 10,000 LB./SQ.IN. I* IN. COVER ON EARTH FACE 

Sf IN COVER ON FRONT FACE 

[per TABLE®] Ps H>cb m I0 * D, *0-455. a, « 0-848. Q c = 193. (m*l5) 


DESIGN 

0‘) 

CANTILEVEREPi 


WAtL 

BASE 

EXTENDING 

UNDER 

RETAINED 

BANK 


STEM %frA6l£@l *(32*!3'5Vir)+(GUI3-5) 

AT TO P OF SPLAYS H “ 13*5 FT. J - 2030+ ©25 — 3755 LB. 

M^*(2B30 A )+ (025 A = 10,770 FT-U./FT. 

[per TABLE ©J d,* 0-072 J 10,770 * 9 *85 IN. + SAY £ iN.+lfclN. COVER « 

L A^> O-OIO0X10 ( 77O = |-49 SO.IN /FT. 

AT G FT. FROM TOP s P 0 » (32 * G 2 X-*) 4* (Gl X G) = 577 + 3GG « 943 LB. 

M *[(577 R ■§•) + (3GG*f)]l2 » 27yOOO IN.-LB. /FT. 
d 6 * 3*3 in. d,= 9-3“l4 “Savf* 7*4 in. 


, VL.Q.QO 

12 * 7* 4 4 

2.7,000 


41 j/cb < 500 [ P£ R TABLE @] 1F/ 8t «10.O°OL&/ S p.UL| 

- lft 00 0 X0 - 3X7 -4 “ °' 2Z4 Sa ’’ R/FT ' SAY 

DISTRIBUTION BARS*. HORIZONTAL — R 12k12(max)* 0-21G SCUN./FT. 

SAT >0-100 S^IN./FT. EACH FACE 
VERT I CAL (FRONT FACE) DITTO 

STAB t LIT V. ASSUME WIOTH OF BA5E L*0FT. GIN. H * 15 FT, 

[PER TABLE ©| 

L J Py 


P « (32* 15**3.} + (G1 AI5^» 


MOMENTS 
ABOUT 
HEEL 
OF WALL 


v , 3GOO + 9I5 » 45 1 5 LB. / FT. 

(3000 X §) + (9l5*if)« 24,870 FT.- LB./FT. 
NEGLECT ACTIVE PRESSURE IN FRONT OF WALL. 
r STEM 0-5X I3-5X I50LB.- IOIOLB. A 1^25 — 

base s:lipt\vs° = If? x 2:?l z 

ISvth ftASTs.’liaf' 90 S „aM 5 |:g w c 

SURCHAAd£7 OA224 =» 156 8 V 5*0 — 

W » 15,702 LB. W* 

71,180 


1,20.0 FTTLB. 
480 

’Tfo 

57, 


«H8 


71, 1 80 FT.- LB. 


oc = 


15, 702 
RESISTANCE TO SL1DtNG.(jU 


3 4*5 FT. APPROX. F.OFS. AGAINST OVERTURNING; 


71,180 
24,870 S 


. 2-85 




0*4) F. OF S. AGAINST SLIDING 

(NEGLECTING PAS5IVE RESISTANCE) =. J. '4 APPROX. 

GROUND PRESSURE e = ~ 4*5 a I * 33 FT. (< £5=r 1 - 42 FT.) 

Pma*.\ 15.702 /, + Gk ^ 30 OOLB./S^FT*. I-G ^.FtJ 

0.5 L — 8-3 / ^ — 


PER TABLE 


©] 


PM f'K 


12 IN. WALL 
AT BOTTOM 

(4-10*7 

I IN. BARsa&b 
AT G IN. C /C 
AT BACK FACE 


1 IN. BARS C 
ATIilN.c/c 
AT BACK FACE 

•JlN. BARS 
e ANDf 
AT 12 IN <=/e. 


BASE 
0FT GIN WIDE 
O. K. 


. O.K. FOR 
SANDY GRAVEL 


DESIGN 

(iO 

CANTILEVEREPi 


WALL 

BASE 

PROJECTING 
IN FRONT 
OF WALL 


STEM . DESIGN CALCULATIONS AS FOR DE SIGN (i). 

STABILITY. ASSUME WIDTH OF BASE L= 12 FT. WITH "H EEL Rt B" H m IG*5FT. 
[PER TABLE©! P - (32 * IG-5**i) + (01 MG-5) - (32 A +*5 2 X-fc) 

43GO + 1006 — 324 - 5044 LB /FT. 
Py- (45CO X J%i) + (1008 * &£) — (3Z4 X A?) - W 
0-5*I^Kl50LB - IJ35LB, - I^SoOFTrLB. ^ 


12-INWALL 
AT BOTTOM 


MOMENTS 

ABOUT 
TOE OF 
WALL 


STEM 

BASE 


8\n 

0*5 xll -0 X ISO 

8 * 5 x ll-o XV*xl50 
• 5 X O * 5 X /2 X ISO 
EARTH 1 1 *0x2*25 X 120 

W 

40,840 
G ‘ 


= ill 
= if! 

— 2070 


m 

; 7-s 


DC « 


G 182 LB Woe -4 <a 84G FT.- LB. 
Vff 5 - - 7*58 FT. F. OF S. OVERTURNING * 3fifr='-*7 . 
RESISTANCE TO SLIDING . ACTIVE PRESSURE OUTWARDS * 43GO + I OO0 - 63G8 L&j 

f«SIV5 8MS8UM INWARDS - (#&)(&-) “ 450Ot0 l« 97 3 U 

FRICTIONAL RESISTANCE (^*0-4)* 0*4 AGI82* 2473 "j 
F. OR 3. AGAINST SLIDING « » 1*3 

GROUND PRESSURE , e « ^ + - 7*36 » 3-57Ft(?- ^pa2'OFT)j 

fr.ATAm-t®>] - 88 80 FT. - |.3 IdN/^fT. 


BASE 

IOFT.WI0E 

O.K. 
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RETAINING WALLS.— CALCULATIONS. 
For Details, see page 356. 


DESIGN 

(HO 

coowTwcmsri 


WAUSIAB 

m 1*1 

ikm 

d • dfy. 

ATftfOE*: 

(1 rCOVfcEj 
d,» 413 
£ so-esx^Si 

AT MID- SPAN 
(± "COVE A) 
V* cl*"' 

d, » SI5 

4* 4 * 8 ' 1 

vsrtVspaN. 


WAIL 


AT BOTTOJ4 

otC™> 

d.-sfe" 

^- 4 -e' 


| IFF- LONG-SfXN| 

H-- 5 Ft.(cdmtO 

(CANT 1 LEVE 1^1 
[fit G* 75 FT.J 

d«)5 - (MiN.)| 

(IVcoVER) 


AT BOTTOM 
d,^ 94 “ 

w 

& so" 

*5PAN*tt 14 FT. 

d s * 7*" 
b-(«x7i>w| 
- 100 * ' 


b r « 12* 


6 TAB 1 L 1 TV . DIMENSIONS ANO ARRANGEMENT OF BASE ARE COMPARABLE WITH DESIGN(t) 


THEREFORE F. of S. AGAINST OVERTURNING ANO SUOING WILL BE NOT LESS 
THAN IN DESIGN(J) ANO GROUND PRESSURE WILL BE SIMILAR. 

WALL PANELS . 8 . M- COEFFICIENTS. 

TRIANGULARLY-DISTRIBUTED PRESSURE! p - 32 X 13 * 41 © LB./ SQ.FT. 
[pERTABU@] VERT. (BOTTOM) - 0*042 

HORII. (SIDES) » 0*0371 RL y » 0 * 46 i 03 | 
» (MID.) - 0 * 025 ; -OFT. 

UNIFORMLY-DISTRIBUTED PRESSURE*. INSPECTION OF RELAT 1 Ve"eFFCCTIVe" SPANS INDICATES 
THAT PRACTICALLY ENTIRE PRESSURE (p-G 1 LB./SQ.FT.)lS TAKEN BY HORIZONTAL SPAN . 
8 ENDING MOMENTS (max.). IH.-LB./FT. 

VERTICAL SPAN : My — 0 * 042 X 41 ® X 13 * X 12 - 30,500 

HORIZONTAL SPAN! AT SIDES. M- O * O 37 * 4 IQ* 14*25 V » 2 - 3 ^GO<fl *+*00 
(at mid-height) -i- A a 01 x 14 *25 2 X 12 - 12200 ;^ 

ATMID-SPAN. M- 0*025 x 41 ©Xl 4 * 25 Vl 2 - 25 , 300 *,. 

+ &xG 1 x 14 * 25 * X 12 « O.IOOJ 3 *^ 0 

THICKNESS.- CRITICAL B.M. — 43,000 IN - LB^FT. (TENSION ON INNER FACE):dOrG^IN 
Cat mio- height; J> BPk TABU ( 7 ^,. JiH.ExTRACtMtpiJj 

REINFORCEMENT. 

HORIZONTAL*. AT OUTERFACE. MID SPAN. Ajfc* .onA^wZ Tft 85 0.303 SCum/FT. 
(ATMID-HT.) 10 . 000 X 4*8 * 

AT INNER FACE ATSIDES A st « ^^ 1 ^. 2 -O‘OBO • • 

VERTICAL! AT INNER FACE AT BOTTOM A $ fc- - ^ - 0*422 * " 

BASE SLAB . ' AV. 

NET DOWNWARD L0AD(j.8./SQ.FT.): SURCHARGE # . ** 200 

. fl-7S ■ EARTH ® 13*875(AV.) X 120- 1G05 

' '»-3H KifcW'lSLAft * 200 


COUNTERFORTS j 
15 FT. CENTRES 


(-mid-height) 


iafc'<>v) slab 


1450 

B M. AT EDGE > ? 73 ° at 575.000 IN.-LBl/fT.X SAY | - 250.000^.-1^:1 

Ar 12 . jo allow fox SOME cantilever effect:- 


2071 

DEDUCT AV. EARTH PRESSURE - 1430 

~^2TT 


O HI 0 M 600 E 
200 
1 050 
IBP 
2040 
310 
,17 3d" 

(critical) 


7^L ihAt bott* 

S /fr IN. BARS 
AT IOINC/c 

Oars*) 

AT 5 IN. C /C 

(BARS $*0 

)T 8 IN.Sfc 

.BARSK) 


REINFORCEMENT 


Q e « “ ,zo > [per TABU©] 18 , 009 / 750 - 24 ; a,- 0-B72. 

- 1 • 21 S «’ N -/ FT - (- 5/6 m - BARS « 5 INft ) 
vertical bars tying into counterfort. 

AV. TENSION - 641X14 * SOOOLB./FT. 


A tt " 


18.000 


* 0*50 SQ. IN. PER FT. 


COUNTERFORTS. 

TOTAL NET PRESSURE (ABOVE BASE) ON 15 -FT. BAY OF WALL 

Si 15 P 0 [lN DESIGN (i)]« 1 SX. 37 SS- 50,300 LB. 

TO ALLOW FOR PART CANTILEVER ACTION OF WALL SLAB ASSUME 

NET LOAD ON COUNTERFORT— 4 X 50.300 LB. « 4 O,O 00 LB» Q 
ASSUMRO TAIANOULARILY DISTRIBUTED 

8 .M. — 40 . 000 ^ 4 ^ 12 . „ 2(240<000 ,^ L6< 




2. 240. OOP 
10.000 X BO X 0*9 


1*535 SQ.IN. 


M rc[ f 


PER POAMULA IN TABLE ft 


- (?C - 77 ) so A iooo_xioe«_7i> , , M 500000 

2 x 43 '• — - 


sin(sioPt or N 

MAIN BARS) 

A 0*3 

d n -O 455 pJ 04 a « . 42 * 5 ? -B 37 lb./$q.im. (no shear reinforcement required) 
» 43 " T 12 x 90 * v 


HORIZONTAL BINOERS TYING WALL SLAB INTO COUNTERFORT. 

AT MIO- HEIGHT J p -(32 * 13 ) + 61 * 477 LB./SQ.FT. X 14 « 6800 LB. 

AV - A st ^ T^ooS " “ 0-37 W-iM/rr. 


10 IN.ATROOT 
15 IN. AT EDGE 


(BARS k) . 

S /fl IN. BARS 
AT O IN.C/C 
OVERLAPPING 
AT CRITICAL 
SECTIONS , 
TOP* BOTTOM 

(bars nap) 


I iN.U-fcARS(Hl 

WlN^ 


WI0TH-I21N, 


2 “ 1- IN BARS 

(fl) 

O.K, 


7MN.BINDERS 

ATIZI^(A>0 < ^ ( | 
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INDEX 


Aggregates, 4 7 , 49. 5<>* 53, * 2 5, *39 
Arcate beams: see Bow girders 
Arches, 43-46, 76, *30-237 
Bridges, 94, 311 
Concrete for, 339 
Fixed, 44-46, 230, 232-237 
Hinges, 3x2, 313 
Parabolic, 45 
Stresses, 230, 232 
Three-hinge, 43, 231 
Two-hinge, 44, 230, 231 
Areas of reinforcement, 243-245 
„ „ sections, 250-253 


Balconies, 145 
Balustrades, xo 
Basements, X17 

Beams (See also Bow girders, Cantilevers, Continuous 
beams, Deflection, and Shearing force) — 

Axial thrust, 246 
Balanced design, 66, 255 
Bending moments, 24-29, 166-205 
Binding: see Shearing force 
Bond, 60-62 

Compression reinforcement, 59, 6r, 256, 278 
Concrete effective in tension, 67, 261 
Designs, 64-70, 254-267, 349-353 

„ Load-factor method, 70, 276-283, 352, 353 

„ Modular-ratio method, 64-68, 254-267, 

349353 

Ell-beams, see Flanged 

End restraint, 24, 194, 195 

Flanged, 67, 250, 255-261, 279, 284, 286, 287 

I-beams, 258 

Irregular sections, 252, 258 
Lever arm, 251-255, 257 
Loads, 9, 142, 212, 2x3 
Modular ratio, 259 

Moment of inertia, 25, 172-174, 198, 199, 228 ,251-253 
„ „ resistance, 251-253, 255, 262-267 

Narrow, 241, 246 

Neutral plane, 251-253, 255, 257, 259 
Proportions, 67 

Rectangular, 65, 254-267, 276-283, 352, 353 
Reinforcement, 243-249, 260, 261 
Span-depth ratio, 68, 166 
Steel-beam theory, 66 
Stress ratio, 257, 259 

Supporting slabs spanning in two directions, 32, 212, 
213 

Tee-beams: see Flanged 
Torsion, 73, 292, 293 
With splays, 198, 199 
Beatings, 97. 310, 312, 313 
Bendmg and direct force’ see Combined stress 
Bending Moments, 24-46, 166-237 (See also Beams, Bow 
girders. Cantilevers, Columns, Contmuous beams, 
Slabs, and separate structures) 

Diagrams, 166, 178, 179 
Bond, Anchorages for, 61, 245-247, 249 
„ lengths, 60, 245-247, 249 
„ stresses, 56, 60-62, 239, 241, 246, 247 
Bow girders, 73, 292, 293 

Bridges, 91-97 (See also Arches, Culverts and Subways) 
Abutments and piers, 95 
Bearings, 97, 310, 312, 313 
Clearances, 92, 310 
Decks, 92, 311 
Footbridges, 310 
Footpaths, X2, 2x4 
Frame, 94, 311 
Girder, 93, 3x1 
Hinges, 97, 312, 3*3 
Joints, 97, 3ia, 313 
Loads, xx— 13, X46, 150, X5X 
Parapets, 93 
Precast, 94 

Railway, 12, 146, 150, 131 
Road, xx, X50, 151 
Slab, 31X 


Bridges {continued) 

Slab-and-beam, 311 
Stresses, 56 
Trusses, 3x1 
Types, pi, 3x1 
Vertical curves, 93, 310 
Wind pressures, 17, 155 

Buildings, 87-91 (See also under names of components) 
Concrete for, 239 
Cover of concrete, 248 
Frames, 39, 41, 223, 228, 229 
Loads, 9, 145 
Reduction of loads, 144 
Wind pressures, 16, 41, 152-155 
Bunkers, 99, 102 (See also Containers and Silos) 

Columns, 40, 229 
Example, 320 
Hinges, 312, 313 

Loads, xx, 19 (See also Pressures) 

Pyramidal bottoms, 104, 158, 160, 32X, 342 
Walls, 102 

Cantilevers, 24, 166, 167, 170 
Cement, 47, 49, 124, 239 
Centroid of sections, 251-253 

Chemicals, Effect of, 243-347 , 

Chimneys, 17, 53, 76, 105-107, 155, 298, 299, 322 
Codes, 1 

Columns, 294-297 

Bendmg, 38, 76, 83-85, 223, 228, 304, 303, 307 
Binding, 75, *94, 295, 354 

„ Helical, 75, 242, 294, 295, 354 
Bracing, 40, 229 
Concrete for, 239 
Comer, 39, 86, 307 
Designs, 304, 354 

,, Economical, 76 
Effective length, 295 
Exterior, 38, 39, 223, 354 
Fire resistance, 240 
Flat slabs, 220 
Interior, 39, 223, 354 
Joints, 312, 313, 354 
Load-factor method, 294, 295 
Loads, 144, 145 
Long, 57, 76, 295, 296 
Moment of inertia, 228 
Radius of gyration, 296 
Reinforcement, 294, 297, 354 
Safe loads, 7 4, 294-227 
Short, 74, 294, 297 
Stresses, 56, 75, 239 

Supporting elevated structures, 40, 101, 229, 315 
„ massive superstructures, 40, 229 
Wind moments, 40, 229 
Combined Stress, 76-86, 295-307 
Bending about two axes, 86, 307 

,, and tension, 70, 81, 274-275, 282, 302 
„ „ thrust, load-factor method, 83-86, 304, 

305 

„ „ „ modular-ratio method, 78-80, 83 

298-303 

Stresses, 56, 76, 246 

„ in different directions, 86, 307 
Concentrated loads, Dispersal of, 13, xsx 

„ „ on slabs spanning in one direction, 29, 

217 

„ „ on slabs spanning in two directions, 32, 

214-218 

„ „ pressure due to, 162, 163 

Concrete, 47-58, 238-241 (See also Precast concrete) 
Air-entrained, 141 
Bearing pressure, 329 
Bulk reduction, 54 
Cold weather, 130 

Compressive strength, 52, 129, 238, 339, 241 

Conductivity, 53, 240 

Creep, 54 

Distribution, X29 

Elastic properties, 53 

Fatigue, 54 
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, Concrete (continued) 

Finishes, 131, X40, *4* 

Fire resistance, 53, 240 
Grades, 239, 241 
Heavy, 33, 140, 141 
Lightweight, 52, 140, 141 
Mass (See Plain) 

Mixing, 54* 128 
Mixtures, 49, 239, 241, 246 
Modulus of elasticity, 38 
„ rupture, 52, 238, 241 
Permeability, 55 
Placing, 51, X29 
Plain, 48, 49. 57 , *39 
Poisson's ratio, 238 
Porosity, 55 
Pressure of wet, 52 
Properties, 52 
Proportions, 49, 128, 239 
Protection, 48, 55. 108. I 3<>, 343*347 
Quality, 239, 241 
„ control, 238 
Quantities, 133, 1 37, *3 8 
,. of materials, 239 
Shrinking, 54, 232-234 
Slump test, 51 

Stresses, 55*58, 239, 241, 246 
Temperature coefficient, 53 
Tensile strength, 52, 238 
Thermal properties, 53, 240 
Uses, 239 
Water, 51, 125 

„ -cement ratio, 51 

Weight, 32, 140, 141 , „ , , _ , , 

Containers, 99-104 (See also Bunkers, Silos, and Tanks) 
Loads, xi, 160 

Pressures, 19, 158-160, 162, 163 

„ Triangularly-distributed, 31, 2to, 211 
Rectangular, 76, 319, 322 
Continuous Beams (For design, see Beams) 
Bending-moments, 24-29, 172-205 

,, „ applied at end, 28, 194, 195 

End restraint, 28, 194, 195 
Equal spans, 35, 26, 174179, 182-193 
Fixed points, 180, 181 
Influence lines, 28, 200-205 
Moment-distribution, 27, 184-199 
Monolithic with supports, 196, 197 
Moving (or live) loads, 28, 174 
Shearing force, 24, 25, 174. 175. 177 
Span-depth ratio, 166 
Three-moment theorem, 24, 172 
Unequal spans, 182-193 
Variable moment of inertia, 25, 172-174 
With splays, 198, 199 
Contract documents, 124 
Corridors, 145 
Cost, Estimating, X35 
Cover of concrete, 62, 248 
Cranes, 13, 148, 149 
Culverts, 95, 321 


Data, Useful, 337*342 
Decimal equivalents, 337, 33 8 
Deflection, 24, 68, 70, 166-169 
Docks: see Marine structures 
Domes, 308, 309, 316, 317 
Drawings, 3 


Earthquake-resisting structures, 41 
Economical design, 2, 76 


Factories, 144 
Filling, X26 
Finishes, 131, 140, 141 
Fire-resistance, 240 
Fixed points, 42, 2x7 
Flat slabs: see Slabs 
Floors : (See also Slabs) — 
Aggregates, 49 
Concrete, 239 
Designs, 87, 349*353 
Fire resistance, 240 
Garages, 13. 148. X49 
Industrial structures, xo6 
Loads, 9, 142, 144, i45 


Footpaths, 12, 145. 214 „ . 

Foundations, 113-119. 326-321 (See also Piles) — 
Balanced, 1x6, 326, 327, 330. 33 1 
Blinding, 50, 115, 126, 239 
Combined bases, 116, 326, 327, 331 
Concentric, 329 ,331 
Concrete, 239 

„ cover, 248 
Depth, 330 

Eccentric, 115, 329. 33* 

Inspection of site, 1 14 
Loads, 10, 144, 145 
Machines, X19 
Piers, 1 17, 239 
Preparation of ground, 126 
Pressure on ground, 1 14, 329 
Rafts, 117, 326, 327 
Separate bases, 115, 328, 329 
Shearing forces, 330 
Strip, 17, 326, 327, 330. 33i 
Subsidence due to mining, 115 
Tied, 1x6, 331 
Types, 1 15 

Wall footings, 1 18, 331 

Frames, 36-43, 222-229 
Beams, 196, 197 
Buildings, 38, 41, 223, 228, 229 
Columns, 38, 40 
Earthquake resistant, 41 
End conditions, 42 
Fixed, 226, 227 
Flat slabs, 36 
Hinges, 97 
Joints, 97 

Moment distribution, 38, 224 
,, of inertia, 42, 228 
Portals, 38, 225-227 
Properties of members, 42 
Shearing forces, 37 
Slope-deflection, 37, 222, 223 
Tbree-hinge, 225 
Two-hinge, 226, 227 
Wind, 40, 229 


Gantries, 228 
Garages, 13, 148, 149 
Gyration, Radius of, 250-253 


Hinges, 97, 3 12 , 3*3 

Hollow-block slabs, 49, 50, 87, 126, 130, 141, 352,353 


Impact, x 2 

Impermeable construction «*ce Tanks 
Industrial structures, 106, 148, 239 
Inertia, Moment of, 228, 250 -253 

„ „ Beams with varying, 25, 172-174 

„ ,, of reinforced concrete members, 42, 228 

251-253 

„ „ of tee-beams, 250, 251 

Influence lines, 28, 200-205, 231, 233 


etties: see Marine Structures 
omts, 97, 312-315 
Construction, 130 

Contraction and expansion, 130, 312, 313 


Landings, 145 
Lever-arm, 251-353 
Lifts, 148 
Lintels, 142, 143 

Liquids, Materials in, 21, 147, 158, 160 
„ Pressure of, 19, 21 
„ Weight of, 142 

Load-factor method: see Beams Slabs, Columns and 
Combined stresses 
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Loads, 9-19, 140-151 (See also Concentrated loads and 
Pressures) — • 

Aircraft, 150, 151 
Balconies, 145 
Balustrades, xo 
Beams, 9, 142 

Badges, xx, 12, 92, 146, 150, 151 

Buildings, 9, 144, 145 

Columns, 10, 144, 145 

Containers, xi, 102 

Corridors, 145 

Cranes, X3, 148, 149 

Culverts, 95 

Dead, 9, 1 40-143 

Finishes, 140, 141 

Floors, 9, 142, 144, 145 

Footpaths, 12, 145 

Foundations, 10, 144 

Garages, 13, 148, 149 

Impact, 12 

Imposed, 9, 144, 145 

Landings, 145 

Lifts, 148 

Lintels, 142, 143 

Liquids, 147 

Live or movmg, 9, 11, 28, 146, 148, 149, 174, 175 
Machinery, 143 
Marine structures, 14 
Materials, 141 

„ Stored, 11, 102, 147 
„ Structural, 140 
„ Submerged, 21, 147 
Parapets, 10 
Partitions, 140, 142, 143 
Pit-head frames, 148 
Poles and posts, 18, 156, 157 
Rail tracks, 143 
Reduction, 144 
Roads, 150, 151 
Roofs, 10, 142, 143, 145 
Runways, 150, 151 
Ships, 14 
Silos, 11 
Slabs, 9, 141 
Sleepers, 13, 146, 149 
Stairs, 145 
Steelwork, 140, 143 
Storage, 11 
Tanks, 11, 147 
Vehicles, ir, 130, 151 
Vibration, 10 
Walls, 10, 143, 144 
Warehouses, 11 
Waves, 15 


Machines, Foundations for, 119 
„ Weights of, 11, 143 
Marine Structures, 123 
Cement, 48 
Concrete cover, 248 
„ underwater, 50 
Loads, 14 

Piled, 123, 332, 334-336 
Pressures, 15 

Materials (See also Aggregates, Cement, Concrete, and 
Reinforcement) — 

Effect on concrete, 343-347 
In liquids, 21, 147, 158, 160 
Pressure on, 329 

Pressures of retained, 19-21, 158-163 
Properties of contained, 102, 158-160, 164, 165 
Specification, 124 
Weights of, 140, 141, 147, 160, 165 
Mathematical data, 340-342 
Metric system, 245, 338, 339 

Modular ratio method — see Beams, Combined stress, Slabs 
Modulus of elasticity, 238 
„ rupture, 238 

„ sections, 250-253 

Moment-distnbution, 27, 38, 184-199, 224 


Neutral plane, 251-253 
Notation, 6, 83, 206, 223, 254, 276 


Parapets, xo 
Partitions, 140-143 


Piers: See Marine structures and foundations 
Piles, 19-123 (See also Sheet-piles)— 

Arrangement, 121 
Cast-insitu, 122 
Concrete for, 50, 239 
„ cover, 248 
Driving, 131 
In clay, 120, 333 
Inclined, 332, 334 ~ 33<5 
Loads on groups, 122, 123, 332, 334-336 
Pile-caps, 122 
Precast, 119, 13X, 333 
Safe loads, 120, 332 
Shoes, 131, 333 
Suspension of, 333 
Pit-head frames, 148 
Poisson's ratio, 238 
Poles, 18, 155-157 
Posts, Lamp, 19, 155 

Precast concrete, 50, 89, 94, 132, 239, 248 (See also Piles) 
Pressures (See also Wind) — 

Active, 19, 158-161, 342 
Actual and theoretical, 20 
Bearing, 57, 329 

Cohesive soils, 20, 21, 159, 161, X62 
Containers, 19 

„ of water, 158 
Granular materials, 19-21, 158-162 
Ground, 114 
Inclined surfaces, 160 
Liquids, 19 

Materials in liquids, 21, 158, 160 
Passive, 21, 159, 161 

Retaining walls, 19-21, 109, 158, 160-163 
Silos, 22, 164, 165 
Surcharge, 20, 162, 163 
Triangularly distributed, 31, 210, 211 
Waves, 15 
Wet concrete, 52 
Prismatic structures, 308, 309 


Quantities, Bills of, 133, 138 

„ Measurement of, 133, 137 

„ of concrete materials, 239 

„ of reinforcement, 133, 137 

Reinforcement, 58-63, 242-249 
Anchorages, 245-247, 249 
Area, 58, 243-245 
Bending, 62, 127, 247 
Bond, 56, 60- 62, 246-249 
Cold worked, 58, 242 
Corners of slabs, 207 
Cover of concrete, 62, 248 
Curtailment, 260, 261 
Deformed bars, 62, 241, 248, 266 
Details, 62 
Fixing, 127 
Flat slabs, 36 

For shearing force, 72, 288 291 
High-tensile, 58, 242 
Length of bars, 62 
Medium-tensile, 58, 242 
Mesh (see Wire ) 

Mild steel, 58, 242 
Perimeter, 58, 243 
Quantities, 133, 137 
Size of bars, 62 
Spacing, 62 
Specification, 124 
Tensile strength, 58 
Weight, 58, 243 
Welding, 127 
Wire, 58, 242, 243 
Working stresses, 59, 242 
Yield stress, 58, 242 

Reservoirs: see Tanks 

Retaining Walls, 108-X13, 322-325 (See also Sheet- 
piles) — 

Cantilevered, 109, 323, 356, 357 
Concrete for, 239 
Counterforted, 322, 356, 358 
Designs, 356-358 
Drainage, 111 

Expansion and contraction, X09, xxo 
Joints, 312, 314 
Pressures, 19-21, 158-163 
Types, xo8, 323 



INDEX 


Concrete for, 50, 239 

& 308 ’ 309 


Joints, jxa, 3x3 
Loads, xo, 142, x. 


Loads, xo, 142, X43 , 145 
Non-planar, 89, 308, 309 
Prismatic, 308, 309 
Purlins, 89 

Segmental shells, 308, 309 
Sloping, 88 , 342 
Weights, 142, 143 
Wind, 17, X52-155 
Runways, 130, 131 


Safety, Factor of, 3 
Sea-walls: See Marine structures 
Sections, Properties of, 64, 250-253 
Shearing Force— 

Binders, 72, 288-291 

Bow girder, 73, 292, 293 

Cantilevers, 24, 166, 167, 170 

Continuous beams, 24, 25, X74> X75» *77 

Diagrams, 166 

Flat slabs, 36 

Frames, 37 

Inclined bars, 72, 288-291 
Reinforcement, 72, 288 
Resistance to, 71 , 288-291 
Restrained members, 174, 175 
Single-span beams, 24, 166-170 
Slabs spanning 111 two directions, 34 
Stresses, 56, 71 , 239, 241, 242, 288 
Sheet-piles, Driving, 131 
„ „ Shoes for, 324 

„ „ Walls, 111-113, i6i, 322-325 

Shuttering, 47, 52, 127, 130 
Silos, xx, ax, 99, 102, 164, 165 
„ Columns supporting, 229 

Slabs (See also Deflection, Floors, Hollow blocks, Tanks 
and Roofs) — 

Bending moments, 36, 175 (See also Bending moments 
and Continuous beams) 

Cantilevered, 166 
Circular, 219 

Concentrated load, 29, 32, 214-218 
Corner reinforcement, 207 
Designs, 349. 35®, 352, 353 

„ Load-factor method, 68, 70, 284, 285 
„ Modular-ratio method, 268 -275,349, 350, 352, 

Distribution bars, 268 
Flat, 35, 220, 32i 
Joints, 97, 312, 314 
Loads, 9 

Moment of resistance, 270, 271, 284 
Non-rectangular panels, 34, 219 
Openings in, 87 

Rectangular panels, 30-34. 206-218 

Reinforcement, 36, 266 

Shearing forces, 34, 36 

Span-depth ratio, 166 

Spanning in one direction, 29, 166, 217 

„ „ two directions, 29-35, 166, 206-219 

Square panels, 214. 215 
Tnangularly-distnbuted load, 31, 210, 21 1 
Umformly-distnbuted load, 29, 30, 206-209, 212, 213 
Weights, 24.1 
Sleepers, 13, 146, 149 
Soils, Cohesive, 20, 21, 159. x 6 x» *62 
„ Granular, 19, 21, 158-160, 162, 163 
„ Pressure of, 19, 21, 158-163 
„ „ on, 1x4, 329 

Specification, 124-132 
Stairs, 88, 145, 240 
Steelwork, X40, 143 
Stresses (See also Combined stress) — 

Age at loading, 241 
Bearing, 57, 329 
Bond, 56, 239. 24X, 246-249 
Compressive (in concrete), 55, 56, 239, 241, 246 
„ (in reinforcement), 59, 242 


Stresses ( conto wwf) 

• Corrosive conditions, 243 
Modifications, 5 7 . 241* 246 
Principal, 86, 307 
Shearing, 56, 7 i, 239, 241, 24a 
Tensile (in concrete), 56, 239 
„ (in reinforcement), 59, 242 
Wind, 58, 241 
Working, 55, 239 
Subways, 97, 3x0 

Tanks (See also Pressures and Water towers) — 

Beams, 67, 261 
Bond, 6x, 246 
Bottoms, xox, 3x6-318 
Columns, xox, 318 
Concrete, 49-51, 53. 55 , 239 
„ cover, 248 

Cylindrical, 69, 99, 272-274. 3*6, 317, 355 
„ Bending moments on, xoo, 317 

,, Tension in, 99 

Hot Liquids, 53, xo 7 
Jomts, 97, xox, 312, 314, 355 
Loads, zx 
Octagonal, xoo 
Pipes, 102 
Pressures, 19, 21 
Protection, 48, 55, 343~347 
Rectangular, 69, 70, xoi, 270-275, 283, 355 
Roofs, 316, 317 
Slabs, Design of, 270-275, 282 
Stresses, 56, 59, 239 
Temperature effects, 10 1 
Triangularly-distributed pressures, 31, 210, 211 
Underground. 102 
Temperature coefficient, 53 

„ effect on arches, 232-234 

„ „ chimneys, 106 

„ „ tanks, 101 

„ rise during settmg, 48 

,, stresses, 106, 107 

Tests, Structure, 132 
Torsion, 73, 292, 293 
Towers, 17, 40, 155, 229 
Trigonometrical data, 340, 341 

Vehicles, Weights of, 11, 150, 151 
Vibration, 10, 57 

Walls (See also Retaming walls, Sheet-piles and Tanks) 
Buildings, 89 
Bunkers, 103, 320 
Fire resistance, 240 
Footings, xi8, 331 
Jomts, 312, 314 
Load bearing, 90 
Loads, io, 1 43-145 
Panel, 89 
Reinforcement, 90 
Subject to bending, 91 
Weights, 143, 144 
Warehouses, xx, 144 
Water for concrete, 31, 125 
Water towers (See also Tanks) 

„ „ Bottoms of, xoi 

„ „ Columns for, 40, 229 

„ „ Wind on, 17, 152 

Waterside structures: see Marine structures 
Weights: see Loads 
Wharves: see Marine structures 
Wind— 

Bridges, 17. 155 
Buildings, x6, 152-155 
Chimneys, 1 7. 106, 155 
Moments on columns, 40, xox, 229, 3x8 
Poles and posts, 18, 155 
Pressure, 16, 152, 153, 155 
Reduction due to shape, x8, 153 
Stresses, 58, 239, 24X 
Velocity, 16, 152, 153 
Water towers, 17, 153 
Workmanship, 57, X26 
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